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ABSTRACT
The objective of this study was to investigate altitudinal and geographical 
variation in the productivity of Sitka spruce in upland Scotland, to relate this to 
environmental variables and to use the information to develop a basis for 
predicting Sitka spruce yield from site factors.
A total of 188 0.04 ha temporary sample plots were established in 15 to 50 
year old Sitka spruce stands at 37 sites in Scotland and northern England, 
mostly spanning the upper 200 m elevation range of plantations. At each plot 
estimates of General Yield Class (GYC) were made and the following site 
factors were assessed; elevation, geomorphic shelter (topex), aspect, slope, soil 
type and rooting depth. In addition, estimates of wind-climate, mean summer 
temperature (June - September), mean annual accumulated temperature > 5.6 
°C and annual rainfall were made by extrapolation of Forestry Commission 
"tatter flag" records and Meteorological Office data.
GYC declined by about 3.2 - 4.0 m 3ha" 1 yr~ 1 per 100 m increase in elevation 
due to the effects of increasingly adverse climatic and edaphic conditions. 
GYC was fairly closely correlated with elevation at the individual sites, but 
there was considerable site to site variation. GYC values at specific elevations 
were higher in inland and southern areas than in coastal and northern ones. 
The geographical pattern of the relationship between GYC and elevation was 
strikingly similar to the distributions of growing season temperatures and 
wind-climate.
Correlation and multiple regression analysts demonstrated that GYC was 
well correlated with extrapolated values of accumulated temperature and tatter 
rate, these two variables accounting for up to 78 per cent of the variation in 
GYC in the best multiple regression models. GYC also proved to be correlated 
with aspect, topex, soil type and crop age. Productivity was highest on north 
and east-facing aspects and increased with greater levels of geomorphic 
shelter. Differences in soil type only accounted for a small amount of variation 
in GYC (2-3 per cent). GYC was significantly negatively correlated with crop 
age, probably as a result of improved standards of silvicultural treatment.
The best multiple regression models accounted for 78-86 per cent of the 
variation in GYC and were associated with confidence limits of ± 2.2 - 2.6
m3ha~ 1 vr~ 1 . The mean error for predicting GYC for a single site (acquisition)
was calculated to be ±1 m^ha'Vr' 1 , and this figure was confirmed by results of 
a validation survey. The information presented could easily be adapted for 
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Afforestation in Great Britain has largely taken place in upland areas 
between about 200 and 500 metres above sea-level. Lower limits to the 
expansion of forestry have generally been set as the result of competition with 
agriculture and upper limits (planting limits) by the effects of adverse climatic 
and soil conditions. This zone accounts for about 40 per cent of the total land 
area of Scotland (Halstead 1973) and about 75 per cent of the area of land 
planted in Scotland by the Forestry Commission (Lines 1973, M. Locke pers. 
comm.). The effects of climatic and soil conditions on tree growth in upland 
areas are only poorly understood, particularly on more exposed sites near the 
planting limit.
An understanding of the effects of the upland environment on tree growth 
is essential as a basis for the prediction of timber yields and the accurate 
assessment of planting limits. Prediction of the productivity of forest land has 
become increasingly important in various aspects of forest management. These 
include land acquisition and investment decisions, choosing appropriate 
silvicultural and management practices, production forecasting and land use 
planning. The need for more detailed knowledge of the likely levels of 
productivity is ultimately linked with the fact that forestry has become 
increasingly subject to the same sorts of financial and fiscal controls as other 
commercial enterprises.
Detailed information about tree growth has become of particular importance 
as forestry has advanced onto progressively more extreme sites. This steady 
advance is largely a reflection both of pressures in the market for land and of 
modern advances in site amelioration techniques. The degree to which soil 
conditions can now be improved has resulted in afforestation being pushed 
upwards towards its climatic limits. For this reason definition of upper planting 
limits has become particularly relevant.
This thesis attempts to develop a basis for predicting the productivity of 
Sitka spruce (Picea sitchensis Bong.Carr) in upland areas of Scotland and 
northern England, particularly on exposed sites. Investigation of the effect of
increasing elevation on productivity and the dependence of this relationship on 
meteorological factors, was given particular prominence.
1.1 Site and productivity investigations in upland forestry in Britain. 
1.1.1 Historical context
Zehetmayr (1954, 1960) describes early afforestation schemes undertaken on 
upland heaths and peats in Scotland and Ireland in the period 1730 to 1919. 
These early plantations were established using a minimum of cultivation but 
despite this productive stands were reported at elevations as high as 500 m 
above sea-level (Guillebaud and MacDonald 1928). Probably the most notable 
and successful of these schemes was at Corrour in Inverness-shire in which 
240 ha of land at elevations between 400 and 500 m above sea-level were 
planted beginning in 1892 (Stirling-Maxwell 1907). The total upland area 
afforested before 1919 remained small but such plantations provide a valuable 
indication of the potential of upland areas for further afforestation.
Prior to 1919 afforestation in Britain had taken place with an "almost 
complete lack of accurate information about the rate of timber production" 
(Forestry Commission 1920). The same report states that:
"very little is known about the effect of various factors of locality on the 
growth of ......trees" and that it was "impossible for the owner of a young
plantation to form any reasonable estimate of its probable future production".
Anderson (1930) states:
"the estimation of the probable timber production of a given area of ground 
is an essential matter whenever it is proposed to utilise such ground for 
planting, so that a reliable basis for arriving at such an estimate would be of 
great value".
A national survey carried out on these early plantations in the period 1917 
to 1919 provided the first reliable information on the productivity of British 
conifers. Guillebaud and MacDonald (1928) were able to show clear 
relationships between productivity and elevation for Scots pine (Pinus sylvestris 
L), European larch (Larix decidua Mill.) and Norway spruce (Picea abies (L) 
Karst). They classified the plots according to a subjective score of exposure 
and were able to show that tree growth rates were also related to exposure. 
The influence of soil type was less obvious as "elevation and exposure tended 
to obscure any influence due to the texture of the soil". Anderson (1930) used
the same data to divide Scotland into " exposure zones" for which he gave 
values of average productivity levels likely to be achieved at specific elevations 
on good, average and poor soil types.
A programme of research into afforestation techniques was initiated soon 
after the formation of the Forestry Commission in 1919. Progress in the 
development of practices suitable for upland sites came about by a mixture of 
results from carefully controlled experiments and evidence from plantations 
established using the most promising techniques currently available.
The main advances were made in site amelioration techniques and species 
choice. After 1920 increasing use was made of exotic species. A system for 
matching species to site gradually evolved, site being described in terms of its 
vegetation and soil (Anderson 1950). Spruces were favoured on wetter sites 
and their higher growth rates compared with the pines and larches soon 
became apparent (Guillebaud and Macdonald 1928, Zehetmayr 1954). The 
potential of Sitka spruce in Britain particularly on exposed sites became 
obvious early in the century (Crozier 1910, Stirling-Maxwell 1931, Robinson 
1931).
Site classification was aimed initially at simply achieving a "satisfactory" 
crop by means of correct species choice and cultivation method (Anderson 
1950). According to Anderson the methods available for this were:
1. The use of information from stands in the area.
2. The use of data from measured sample plots in the vicinity, 
but since felled
3. The use of vegetation as a reflection of the influence of 
"major locality factors".
For the majority of foresters vegetation remained the key to assessing the 
productive capacity of sites. The first method was occasionally used, for 
example by Oier (1944) who studied the productive capacity of Deeside and 
investigated the relationships between site factors and productivity. He was 
able to show relationships between productivity and both elevation and a 
subjective assessment of "exposure".
Advances in site amelioration techniques and species choice achieved
largely by the Forestry Commission research branch during the period 1920 - 
1960 were associated with two major trends in upland afforestation:
1. A shift in emphasis away from matching species to site and towards 
altering a wide variety of sites to suit a restricted number of 
high-yielding species, particularly Sitka spruce.
2. The afforestation of increasingly high elevation and exposed sites.
By the 1960's site amelioration techniques had advanced sufficiently to allow 
the planting of Sitka spruce on a wide range of upland sites. Sitka spruce 
consistently outstripped other conifers in terms of yield, particularly on high 
elevation sites. Planting limits were pushed upwards in a piecemeal fashion as 
site amelioration techniques improved and better quality land be came 
increasingly scarce. The "commercial planting limit" became a special 
consideration in site productivity assessment on high elevation sites, for which 
little information was generally available.
1.1.2 Recent studies.
The earliest scientific study of the relationships between site and yield in 
Britain was carried out by Day (1946). He assessed factors such as elevation, 
aspect, slope, and soil type in Mynydd Ddu forest and related them to yield 
class using correlation and regression techniques. He was able to show 
relationships between productivity and both soil and topographic variables, 
including elevation and soil depth.
The influence of climatic factors on forest productivity was the subject of 
several studies starting in the 1950's (Anderson and Fairbairn 1955, MacDonald 
et al. 1957, Fairbairn 1960, Birse and Dry 1970, Malcolm 1970). Detailed 
descriptions of the gross climate were given but the possible effects on forest 
productivity were, with the exception of Malcolm (1970), not backed with data.
A series of studies of the relationships between site and productivity using 
advanced statistical analysis began in the 1960's, building to a large extent on 
methods developed in the USA (Kinloch and Page 1966, Page 1967, 1970, Adu 
1968, Malcolm 1970, Cook 1971, Dixon 1971, Malcolm and Studholme 1972, 
Morgan 1972, Blyth 1974a, Cook et al. 1977, Mayhead and Broad 1978, White 
1982a, 1982b). A list of the main site factors investigated together with an 
indication of significant correlations with productivity for those studies
concerning Sitka spruce is given in Table 1.
According to Blyth (1974a) such studies generally have the dual aims of:
1. Elucidating the causal relationships between (ie. the processes 
linking) site factors and growth.
2. Classifying land or site according to its potential productivity.
Several of these studies involved the assessment of a great number of site 
factors and often more than one measure of productivity. This was because it 
was generally accepted that the relationships between site and growth were 
complex and involved many factors so that the inclusion of as many as 
possible would give:
1. Some idea of their relative importance.
2. A more comprehensive picture of the "factor complex".
Site factors ranged from the large scale and integrative (eg. elevation) to the 
small scale and specific (eg. extractable potassium in the organic layer). The 
general assumption was that large scale factors would "set the scene" and be 
of greatest use for land classification, whereas the more specific factors might 
be closer to the biological growth processes and therefore help to establish 
causal relationships. Problems were encountered with some of the integrative 
factors in that they were not clearly quantitative (eg. soil type) and with the 
specific factors in that they showed great spatial variation (Blyth 1974a). Some 
workers concentrated of identifying "land facets" which were homogeneous in 
certain key respects (eg. lithology, aspect) as a means of overcoming the 
problems posed by the spatial variability of certain site factors (physiographic 
approach - see Blyth 1974a, McGarry 1979).
Certain trends did emerge from the results. Blyth (1974a) was able to list 
the main groups of factors "in order of their limiting effects on growth" as 
climatic, physiographic then edaphic. Summarising site-productivity studies 
carried out in north-east Scotland he concluded that most work showed an 
elevational pattern of site factor variation. Clear relationships between 
productivity and elevation were demonstrated for various parts of the country 
(Adu 1968, Malcolm 1970, Malcolm and Studholme 1972, Mayhead and Broad 
1978). The most important physiographic factors were those which modified 
the local climate such as geomorphic shelter (Dixon 1971, Blyth 1974a, Cook et
Table 1. Site factors assessed in previous studies of site/ 
productivity relationships.
SITE FACTORS Day Page Malcolm Studholme Blyth Mayhead +
1946 1967 1970 1972 1974 Broad 1978
Elevation x x x x (x)
Geomorphic Shelter x x (x)
Topographic Class x
Position on Slope - x x
Slope - - -
Aspect - x x - x
Shape of Contours x x





Vegetation Type - - 
Soil Series
Soil Type - - 
Soil Depth
Total Rooting x x x - -
Organic Layer x x x 
Effective Depth/Vol. 
Soil Moisture Cont. x 
Soil Bulk Density x
Soil Texture - x 
Soil pH - 
Soil Nitrogen
Total












Mineral x x 
Soil Calcium 
Soil Carbon
x significantly correlated with productivity (GYC where applicable).
- assessed but not significantly correlated.
() symbols in parentheses indicate that the effects of these
factors were significant when combined in regression equations,
but not when considered singly.
al. 1977). Soil chemical effects were generally more important than soil 
physical (Malcolm 1970), particularly soil phosphorus and soil nitrogen levels.
In several cases there was a tendency for large scale and integrative factors 
to be closely correlated with productivity and these acted to obscure the 
effects of the more specific ones (Malcolm 1970). In addition many of the 
factors were intercorrelated so that a significant relationship between one site 
factor and growth could well be an expression of the effect of a second 
intercorrelated site variable. In some cases apparent correlations were due 
more to the nature of the sampling strategy or the distribution of plantations 
with respect to different site variables than to any causal relationship (Day 
1946, Mayhead and Broad 1978). Although some success was achieved in land 
classification studies, these investigations often fell short of their second aim 
of elucidating causal relationships. One of the major achievements of these 
studies was demonstrating the complexity of the problems under scrutiny. A 
comprehensive critique of the methods adopted in many of these studies is 
given by McGarry (1979).
1.1.3 Methodology of site-productivity studies.
Rennie (1962), Ralston (1964), Carmean (1975) and Hagglund (1981) have 
reviewed research into assessment of forest site productivity. Two main 
approaches to the classification and description of forest sites are apparent. A 
site may be classified according to the performance of the tree crop on it, a 
method which has led to the development of yield models. Alternatively site 
classification may be based on attributes of the site which are known to be 
related to tree performance. Studies of the relationships between site factors 
and productivity inevitably draw heavily upon the methodologies of both 
approaches.
Relationships between site and productivity can be studied at various levels. 
At one extreme, site can be expressed in terms of its gross characteristics 
such as location or elevation and productivity in terms of rate of production of 
a volume of timber per hectare. At the other, physiological processes 
concerned with growth become the subject of investigation, with site being 
expressed as specific environmental variables and productivity as responses in 
assimilation or growth. At this level mathematical modelling has been applied 
with some success (eg. Running 1984), as well as the more usual correlation
techniques. Both approaches are essential in gaining a full understanding of 
the relationships between site and productivity.
Innumerable studies have been carried out which have demonstrated the 
relationships between specific environmental variables and assimilation, growth 
and productivity . The role of some of the more important climatic factors have 
been reviewed by Kozlowski (1962), Grace (1977) and Tranquillini (1979). Tamm 
(1964) has reviewed the nutritional factors in relation to tree growth. Coile 
(1952, 1960), Della-Bianca and Olsen (1961) and Carmean (1973) have reviewed 
the role of soil attributes in the relationships between site factors and growth. 
Given present methods, many of these specific factors, both climatic and 
edaphic, are too difficult to assess in the field to be of direct use in predicting 
the productivity of forest land and for this reason they were not included in the 
present study.
An approach using major site factors, rather than more specific 
environmental variables, is most likely to yield means of assessing the 
productivity of forest land in the short or medium term, for applications which 
only require moderate precision and superficial knowledge of the processes 
involved. The current needs of the forest industry for yield prediction on 
exposed sites fall into this category.
Easily assessable major site factors which have shown the most consistent 
relationships with productivity in Britain are:
1. Those which affect the overall climates of sites, 
particularly elevation (Malcolm 1970, Mayhead 1973).
2. Those which modify the climate locally, particularly geomorphic 
shelter (eg. "topex", "relative elevation"), aspect and possibly 
slope (Blyth 1974a).
3. Soil factors, particularly soil type and rooting depth (Malcolm 
1970, Blyth 1974a, Pyatt 1977).
The above factors are largely integrative, that is they integrate the effects of a 
large number of more specific processes. They are also fairly distant from the 
physiological growth processes which govern growth. For these reasons they 
are not particularly suitable for elucidating causal mechanisms in the
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relationships between site and tree productivity.
One possible way of moving slightly closer to the processes governing tree 
growth is to include extrapolated meteorological data in studies of the 
relationships between site and productivity. Extrapolated meteorological data 
have been used as an aid to site classification in a number of studies 
particularly in North America. On a regional scale climatic information has 
been used together with gross physiographic factors such as landform and 
lithology to classify land into units to which specific management practices, 
such as species choice, can be applied (eg. Booth 1985). Climatic indices have 
also been related to forest productivity on a regional scale (eg. Varjo 1972). 
Extrapolated meteorological data have been related to forest productivity on a 
forest stand scale (Hunter and Gibson 1984, Running 1984). In the present study 
it was felt that climatic effects might be better described by using extrapolated 
meteorological data rather than by simply relying on conventional site factors 
such as elevation. For this reason considerable effort was spent in investigating 
the relationships between extrapolated meteorological data and forest 
productivity.
1.1.4 Practical guidelines for the prediction of the productivity of 
conifers in Britain.
Quantitative guidelines for predicting the growth of conifers in Britain are 
few and are generally based more on subjective judgements than on data. 
MacKenzie (1959) gives a means of arriving at the production of unploughed, 
unfertilised stands using "scores" for rainfall, elevation, exposure, soil type and 
original vegetation. Pyatt (1977) gives estimates of productivity for specific site 
types in Wales, site being classified according to soil type. Toleman and Pyatt 
(1974) and Toleman (1975) classified the land area of Great Britain into "site 
regions" as an aid to forest management research. A site region was defined 
as "an area on a given lithology with relatively consistent soil type distribution, 
landform and climate". Busby (1974) gives "guides to yield class by soil group 
and elevation zone from empirical data and experience" but gives no details of 
how the estimates were arrived at.
In practice, estimation of the productivity of forest land is generally a 
matter for local experience.
1.2 Assessment of planting limits.
Assessment of planting limits is in many senses simply a specialised form 
of site productivity assessment in which a judgement has to be made about 
the most unfavourable site conditions under which a specific level of 
productivity can be achieved. In 1930 Anderson wrote: "the question of how far 
up on the slopes of hills and mountains it is possible to plant trees has 
frequently been discussed", showing that the problem has been appreciated for 
many years. The various ways available for assessing planting limits are 
detailed below.
1.2.1 The natural treeline.
One possible indicator of planting limits were the few remnants of natural 
treeline in Scotland which appeared to be unaffected by man. The altitude of 
the treeline in Scotland was the source of speculation as early as 1912 
(Schroter), and has remained the subject of occasional research since (Watt and 
Jones 1946, Poore and MacVean 1957, Spence 1960, Pears 1967, 1968, Schofield 
1980). Pears estimated its height in central Scotland as 610 m on windward 
slopes and 685 m on sheltered ones. Poore and MacVean quote values as low 
as 91 to 135 m in some west coast areas.
1.2.2 Plantation growth.
The wide use of exotic species and improved establishment techniques 
have effectively increased the elevation to which productive forests can be 
planted (Crozier 1910, MacOonald 1951).
Anderson (1930) used the 1919 census data to give the first and in fact only 
systematic attempt to describe planting limits in Scotland. He divided the whole 
country into "exposure zones" and gave predicted upper elevation limits for 
each quality class (yield class) on poor, average and good soil types. For 
average soil condition these ranged from 215 m in coastal areas to 610 m in 
central parts of Aberdeenshire. Dier (1944) gives proposed planting limits for 
the Dee valley above which a satisfactory mean annual increment of 40 ft3 
acre" 1 yr~ 1 (2.8 m 3 ha~ 1 yr~ 1 ) would be unlikely to be achieved in the case of 
Scots pine. This limit was about 200 m above the valley floor, ranging from 260 
m near the east coast to 550 m at Braemar, with an elevation as high as 780 m 
proposed for unplanted areas in the Cairngorm mountains. More recently
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Mayhead (1973) studied the decrease in the growth of Sitka spruce with 
increasing elevation at various sites in Britain and noted a wide variation in the 
elevations at which a yield class of 6 was predicted in different areas.
1.2.3 Trial plots.
Beginning in 1922, the Forestry Commission established a substantial 
number of trial plots and plantations (pilot plots) on what were considered to 
be particularly exposed sites, with the aim of determining elevational limits to 
economic afforestation (Edwards and Wood 1957, Neustein 1965). These plots 
were established with what was currently the most promising species and 
establishment techniques and acted as local guidance as to the potential of 
various site types. Subsequent advances in afforestation practices often 
rendered these plots obsolete and many were later engulfed in new plantations, 
remaining of interest only as "museum pieces". One major problem with many 
of the earlier plots was their small size which rendered them susceptible to 
exposure damage to the edge trees (edge effects) such that genuine plantation 
conditions were rarely achieved.
Some of the better conceived trial plots have been of lasting value and 
have served as important indicators both locally and nationally of planting 
limits and the effects of severe climatic conditions on tree growth. An 
outstanding example was planted at Clatteringshaws forest in Galloway in 1955 
where a series of four plots span a range of elevations from 503 m to 610 m. 
On the basis of the performance of these plots a planting limit at 560m was 
established in 1964 which has subsequently been shown to be correctly placed 
(Gale and Anderson 1984).
1.2.4 Tatter flags.
The primary means of assessing the height of the planting limit in areas 
where plots were not available was by means of tatter flags. Lines and Howell 
(1963) and later Saville (1974) were able to relate the rate of attrition of cotton 
flags ("tatter flags") to the growth rate of trees on exposed sites and so 
established tatter flags as a valuable simple tool for the assessment of site 
wind-climate. Studies of the tattering of flags in both controlled and field 
conditions have shown that the rate of tatter is well correlated with wind run, 
but is also influence by factors such as rainfall and atmospheric moisture 
(Putter 1966, 1968a, 1968b, Jack and Saville 1973). Annual variation in windiness
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made it necessary for flags to be flown for two or preferably three years 
before even a moderately dependable estimate of site wind-climate was 
obtained (Lines and Howell 1963, Miller et al. 1987).
On the basis of early trials a tatter rate of 6.45 cm 2 day' 1 was 
recommended as the limit for the successful establishment of Lodgepole pine 
and Sitka spruce (Lines and Howell 1963) but this was later revised to 13 cm2 
day' 1 (Miller et al. 1987). Some variation was observed, with values as high as 
14 cm 2 day' 1 being acceptable in coastal areas of Scotland but only 12 cm 2 
day' 1 in central upland districts (Reynard and Low 1984). In the period 
1954-1984 the Forestry Commission deployed over 1100 flags at over 100 sites 
in upland areas of Britain, some in experiments and others for the assessment 
of planting limits. It was soon observed that the different relationships existed 
between tatter rate and elevation in different parts of the country, and on the 
basis of these differences the concept of "windzones" was devised (Miller 
1985).
1.2.5 Altitudinal limits for planting.
The combined evidence from trial plots, tatter flags and plantations led to a 
consensus of opinion that the economic limit lay at 500 to 550 m for the 
majority of northern Britain, but somewhat lower in coastal areas (Anderson 
and Edwards 1955, MacDonald et al. 1957, Malcolm and Studholme 1972, 
Mayhead 1973, Gale and Anderson 1984).
1.3 Exposure damage.
Many of the higher elevation or more exposed plots showed deformation of 
the crowns and branches and loss of needles, symptoms which became known 
as "exposure damage". The severity of this damage increased with increasing 
elevation and exposure. Symptoms were generally worse near the edges of 
plantations and plots, and were most obvious before crops closed canopy. The 
damage was thought to be due mainly to the effects of wind during the 
growing season, the specific mechanisms of which have recently been 
elucidated by Alien (1985). Some needle loss is also thought to occur during 
the winter due to abrasion and desiccation.
Early Forestry Commission experiments indicated that high levels of 
nutrition might alleviate exposure damage and promote growth on particularly
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exposed sites. This led during the 1970's and 1980's to the establishment of 
several experiments and plantations at particularly high elevations, which had 
very high nutritional inputs. First indications are that superior nutrition has only 
a minor effect on growth and the occurrence of exposure damage.
1.4 Objectives of this study.
The general objective of this study was to develop a basis for predicting 
the yield of Sitka spruce from easily assessable site factors in upland forests in 
northern Britain, for use in land acquisition and investment decisions, 
production forecasting and land use planning. It was felt that previous studies 
had demonstrated that potentially useful relationships existed between a 
relatively limited number of major site variables such as elevation and 
geomorphic shelter, and that such easily assessable factors might form a 
useful basis for a practical system of yield prediction, particularly for exposed 
sites. Extrapolated meteorological data were also included in the study to help 
to establish relationships between productivity and climatic factors.
In view of both the obviously overriding influence of elevation on the 
productivity of upland sites and the importance of upper planting limits it was 
decided that investigation of the role of elevation should be given great 
prominence. Accordingly, the following particular aims were identified:
1. To quantify the variation in yield class with change in elevation in 
different parts of Scotland and northern England, and to investigate 
possible geographical patterns in the productivity-elevation 
relationship.
2. To investigate the role of environmental factors in determining 
and modifying patterns noted in 1. above.
3. To identify easily assessable environmental factors which limit the 
growth of Sitka spruce on exposed sites.






In this study "site" is regarded as the totality of environmental conditions 
which affect the development of the forest crop. The word "site" will also be 
used to describe the location of, for example, a tree crop, illustrating the 
ambiguous meaning of the word. Site "factors" or site "variables" are terms 
used to describe the properties of the location of the tree crop (ie. the site) 
which affect crop development. Malcolm (1970) and Kreutzer (1979) examine 
alternative concepts of site in some detail.
2.1 Factors assessed at each site.
The factors assessed at each site are shown in Table 2, together with the 
method of assessment where appropriate. The following sections give a brief 
description of the factors chosen and a justification of their inclusion in this 
study.
2.1.1 Productivity
The measure of productivity chosen in this study was yield class, which is 
an estimate of the maximum mean annual increment of stem volume per 
hectare per year. This is probably the best measure of the productive capacity 
of a site given our present state of knowledge (Kreutzer 1979).
Yield class is a long established and widely applied measure of the 
productivity of forest sites in Britain. In common with yield models in other 
countries, yield class is estimated from the height growth development of a 
sample of the dominant trees in the stand, in this case the 100 trees of 
greatest breast height diameter per hectare (Edwards and Christie 1981). 
Rather than expressing productivity in the form of a "site index" (ie. the mean 
height of the dominant trees at a predetermined age), height/volume functions 
are used to convert top height to maximum mean annual volume increment. 
As well as a standard height/volume function, alternative functions are available 
to help take account of local variations in growth patterns ("Local Yield Class" -
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Table 2. Factors assessed at each plot and method of assessment,
FACTOR METHOD OF ASSESSMENT
CROP
General Yield Class (GYC) 
Local Yield Class (LYC) u
Basal area (BA) u 
Diameter (DBH) 
Top height








from top height/age functions 
from total basal area/top height 
functions
girthing tape
heighting poles (young crops) 
climbing/tape (pole stage crops) 
optical hypsometer (mature crops)
FC stock map and records
altimeter
FC 1:10,000 forest stock map




Soil type soil pit
Soil depth (where appropriate) measuring tape












u for unthinned crops only.
FC maps
FC tatter data (see chapter 4)
Meteorological Office records
(see chapter 4) 
Birse and Dry 1970, Bendelow
and Hartnup 1980 (see chapter 4) 
Meteorological Office maps
Birse and Dry 1970 
Birse and Dry 1970
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LYC).
Carmean (1975), Kreutzer (1979) and Hagglund (1981) have reviewed the 
methodology and problems involved in the construction of yield models. The 
main problems cited are:
1. The choice of sample plots may not accurately represent the forest 
area to which the model is to be applied.
2. Random or systematic errors may occur in the choice of dominant 
trees in the plots.
3. Difference may occur between the actual dominant height development 
and the pattern predicted by the height/age curves.
4. Considerable variation may occur in values of maximum mean annual 
increment for crops with similar patterns of height growth 
development. These differences may be site related.
The problems cited in 1. and 3. above are relevant in the case of crops growing 
at high elevations and on exposed sites. Inspection of Forestry Commission 
records used in the construction of the yield models shows a bias towards the 
siting of the permanent sample plots at low elevations and in areas of 
favourable growth. Figure 1 contrasts the elevational distribution of plots in this 
study with Forestry Commission sample plots. Height development patterns 
are to a certain extent site specific (Assman 1970, Beck and Troedsell 1973, 
Hagglund 1981) and there is reason to believe that the height development of 
trees at higher elevations could deviate from that displayed in low elevation 
crops due to the differing environmental factors dominating growth. Wind is a 
powerful factor in determining the growth patterns of tree stems (Larson 1965) 
and several authors have found changes in the height/diameter ratio of trees 
with increasing elevation (Malcolm and Studholme 1972, Blyth 1974a, Hughes 
1979). In the case of Sitka spruce exposure to high winds causes the continual 
loss of leading shoots, which must have some consequences for the pattern of 
height growth development. Hughes (1979) estimated that 5 to 15 per cent of 
trees lost their leaders annually on an exposed site near Aberdeen, Scotland 
and in areas near the planting limit figures were as high as 30 per cent in 
certain years. It is possible that neither the standard height/volume function 








































































































































































































































































In addition, growth in the establishment phase can be altered by various 
factors and this can influence estimates of yield class throughout the entire life 
of the crop. The two main problems in this respect in upland Britain are:
1. The detrimental effects of "heather check" (competition with Calluna 
vulgarisL.) on the growth of Sitka spruce (Blyth 1974a, 1974b, 
Malcolm 1975).
2. The use of fertilisers which can give a boost in growth rate which may 
not be maintained later in the life of the crop (Mclntosh 1981).
Such effects can have drastic effects on estimates of yield class, especially 
those made early in the life of the crops. In the present study efforts were 
made to avoid areas with special establishment problems or areas which had 
received non-standard fertiliser treatments. Heather dominated sites were 
included only where suitable silvicultural measures had apparently been taken 
to counter heather check.
Several investigations of the relationships between site and productivity, 
notably Blyth (1974a), have included alternative measures of productivity such 
as incremental height or diameter growth in addition to estimates of yield 
class. In this study General Yield Class (GYC) was chosen as the main 
measure of productivity because of its practical applicability and its 
uncomplicated assessment. The assessment of Local Yield Class (LYC) was 
also included, despite this requiring the time consuming estimation of basal 
area. LYC is intended to show up gross regional differences in growth and is 
not ideally suited for estimating the productivity of single plots, mainly because 
it is influenced by treatment to a greater extent than GYC. The main reason 
for including LYC was to investigate gross changes in tree form and therefore 
in productivity with increasing elevation and exposure. Other measures of 
productivity were excluded largely because of the limited time available at each 





Productivity decreases with increasing elevation due to the influence of 
increasingly adverse soil and climatic conditions. Some evidence for this effect 
in the case of British forestry has been given in chapter 1. A detailed account 
of the specific effects of elevation on the productivity of forests is presented in 
section 3.1. Elevation was measured in all cases with reference to mean 
sea-level.
2.1.2.2 Topex.
Topex is the sum of the angles of elevation from the observer to the 
horizon at the eight main compass points. The assumption behind topex is 
that the degree of shelter afforded by the surrounding topography is related to 
the angle of elevation to the skyline. The topex method provides the only 
simple quantitative measure of geomorphic shelter available and has become 
firmly established in British forestry (Miller et al. 1987). However it represents a 
gross simplification of a very complex phenomenon. The main problems with 
its use are:
1. It is unlikely that the degree of shelter is linearly related to the 
skyline angle as is implicit in the method. Non linear scales have 
had to be devised for the application of topex to problems such as 
windthrow hazard classification (Miller 1985).
2. Topex does not take account of the distance of the skyline from the 
observer. Thus a high distant mountain top is regarded as having 
the same effect as a smaller hill nearer to the observer.
3. These simplified relationships are assumed to prevail irrespective 
of windspeed or prevailing wind direction.
4. No account is taken of windflow patterns caused by the surrounding 
topography eg. wind-funnelling along valleys or over cols.
Despite these problems topex has been shown to be correlated with the
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growth of Sitka spruce (Blyth 1974a, Studholme 1968, Mayhead and Broad 
1978), Douglas fir (Dixon 1971) and Scots pine (Adu 1968, Cook et al. 1977). 
Busby (1974) includes topex in his practical guide to the growth of conifers. 
Correlations have also been demonstrated between topex and flag tatter rates 
(Howell and Neustein 1965) and topex is included in the windthrow hazard 
classification system (Miller 1985). Topex has been shown to be more reliable 
in areas of relatively gentle topography rather than where the landscape is 
deeply dissected (Pyatt, D.G. pers. comm.).
As well as describing shelter from wind, topex is also correlated with soil 
conditions to the extent that sites receiving water and nutrients tend to occur 
in positions of high geomorphic shelter, whereas shedding sites are usually 
associated with low geomorphic shelter. Topex is also related to elevation, the 
nature of this relationship varying according to the gross topography of the 
area.
In this study topex was used in favour of other simpler methods of 
describing geomorphic shelter and topographic position such as "relative 
elevation".
2.1.2.3 Aspect.
Aspect affects the levels of solar radiation received at sites (Stage 1976, 
Baumgartner 1980, Roise and Betters 1981) and influences windflow patterns 
(Gloyne 1968, Na'geli 1971). Higher growth rates have been demonstrated on 
SW to NW facing slopes in Scandinavia (Skinnermoen 1969, Poso and Kujula 
1973 ), on NE to SE facing slopes in Britain (Mayhead and Broad 1978, Cook et 
al. 1977) and America (Tajchman and Wiant 1983), on south facing slopes in the 
European Alps (Ott 1978) and on various aspects in America (Stage 1976, Roise 
and Betters 1981).
Aspect is usually included in studies of the relationships between site 
factors and productivity though significant effects of aspect on productivity or 
treelines are by no means universally found. One problem in many studies is 
that stands, or certain key attributes of stands, related to productivity are 
seldom equitably distributed with respect to aspect.
Aspect was included in this study because of its possible role in influencing 
the temperature and windiness of exposed sites. Aspect was recorded in
2O
degrees and treated as both a stratifying factor and a quantitative variable 
(transformed by sine/cosine functions).
2.1.2.4 Slope.
%
Angle of slope interacts with aspect to influence solar radiation levels and 
the degree of shelter afforded to trees (Stage 1976). Slope also has a certain 
bearing on soil water and nutrient movement particularly as slope angles 
approach zero. Slope was included in this study to give a complete picture of 
the physiography of sites in terms of major site variables. Correlations 
between productivity and angle of slope have been noted by Day (1946) and 
Mayhead and Broad (1978) though the majority of other studies have failed to 
reveal significant relationships.
2.1.3 Soil factors. 
2.1.3.1 Soil type.
The classification of soils into different soil types gives a reflection of the 
properties of the soil parent material and the water status and climate of the 
site and as such represents a form of site classification (Pyatt 1970). Soil 
parent material largely determines the drainage properties and nutrient status 
of soils. The water status of soils is determined by the topography and climate 
of sites and is an important influence on nutrient cycling and rooting capacity. 
The climate of a site in terms of its wetness and warmth controls the rate of 
many soil processes including the breakdown of organic matter, root growth 
and water absorption (Pyatt 1970).
The main soil sequences (catenas) occurring in the British uplands are 
shown in Figure 2. Soil type has been used in site classification for practical 
purposes (Pyatt 1977, Busby 1974) and in detailed studies of the relationships 
between site factors and productivity in Britain (Malcolm 1970, Page 1967) and 
abroad (Carmean 1973). In areas of even topography soil factors assume 
relatively greater importance than climatic factors in studies of forest 
productivity. This partly explains the greater emphasis on soil properties 
apparent in American investigations (Myers and Van Deusen 1960). In the 
British uplands both soil and climatic factors are important, with climatic 
factors apparently dominating (Blyth 1974a). The picture is complicated by the 
fact that climate is a major influence on soil development as well as on tree
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MR IN SOIL CRTENRS IN UPLRNO BRITRIN
1. SRNDY PRRENT MflTERIRL
low elevoF ion/ 
roinPolI
1z (brown
High elevot ion/ 
roinPolI
4z (iron pon)
3p (peo^ podeol) 
3 (podeol)
1 (brown eorhh)
2. LORMY PRRENT MRTERIRL (WELL DRRINED)
lib (unPlushed peo^) 
4 (iron pon)
(iron pon)
1u (uplond brown eorfh) 
1 (brown eorhh)
3. CLRYEY PflRENT MRTERIRL
7 (surPoce woher gley)
7h (humoee eurPoce woter gley)
6p (pea^y gleye) 
8/9 (Plushed peol-e)
Figure 2. Main soil catenas in the British uplands
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growth. Also, modern site amelioration practices such as ploughing, draining 
and fertilising are routinely carried out to remove limitations on productivity 
and these alter the original attributes of the different soil types.
Soil type was included in this study as the best easily assessable estimate 
of soil conditions.
2.1.3.2 Total soil depth and rooting depth.
Total soil depth and rooting depth give estimates of the soil volume 
available to tree roots for water, nutrient and oxygen supply. Rooting depth 
may be determined by physical impediments or by the level of the water table. 
Soil depth and rooting depth have been shown to related to productivity in 
Britain (Day 1946) and abroad (Myers and Van Oeusen 1960), though such 
correlations were lacking in a number of major studies in Britain (Blyth 1974a, 
Page 1970).
Soil and rooting depth were included in this study to investigate possible 
effects of restricted rooting on productivity on upland sites.
2.1.4 Climatic factors.
2.1.4.1 Temperature.
Estimates of mean accumulated temperature above 5.6 °C and the mean 
temperatures of the four warmest months (July - September) were made by 
extrapolating values from standard meteorological stations using standard lapse 
rates. Details of the derivation of these estimates and an account of the 
effects of temperature on tree growth are given in Chapter 4.
2.1.4.2 Wind.
Estimates of the wind-climate ("windiness") of sites were made from 
Forestry Commission tatter flag data, details of which are given in section 4.2.4. 
A detailed account of the effects of wind on tree growth is given in section 
4.1.2.
2.1.4.3 Rainfall, potential water deficit, oceanicity.
Sitka spruce is a maritime species, thriving best in the conditions of 
relatively high humidity and rainfall (Schober 1962), which characterise many
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upland sites in Britain. In Britain considerable differences exist between west 
coast sites and drier areas in the Eastern Highlands (Birse and Dry 1970), and 
these have been linked to the productivity of Sitka spruce (MacDonald et al. 
1957, Blyth 1974a). In this study rainfall was estimated from meteorological 
maps (Meteorological Office 1977), and potential water deficit in four classes 
(25-50 mm and 0-25 mm deficit 0-500 mm and 500 + mm excess) and 
oceanicity in three classes (hyper-, eu-, and hemioceanic) from climatic 
classifications of Scotland by Birse and Dry (1970) and of England by Bendelow 
and Hartnup (1980).
2.2 General experimental procedure.
Data were collected by establishing 187 0.04 ha temporary sample plots 
located at 37 sites distributed over Scotland and northern England. 
Productivity (yield class) and site characteristics were assessed on a single visit 
basis, further data being provided subsequently by reference to maps and 
meteorological records. One of the major aims of the project was to 
investigate the effect of elevation on productivity. For this reason plots at the 
majority of sites were established in series at regular height intervals. To 
increase the geographical spread of the data, single plots or small groups of 
plots were also established in certain areas, particularly where difficulty was 
encountered in locating suitable areas of plantation for full scale sites. These 
supplementary plots were located, where possible, at Forestry Commission high 
elevation experiment sites or at sites where tatter flags had previously been 
flown.
The overall aims of the analysis were:
1. To study the decline in productivity with increasing elevation at 
the different experimental sites.
2. To investigate the influence of other site factors, particularly 
climatic ones, on productivity.
3. To pool the data, investigate regional patterns in the trends noted 
in 1. and 2. above and attempt to identify potentially useful global 
models.
4. If necessary, to stratify the data by region and produce regional
24
models.
Analysis was intended to rely largely on correlation and regression techniques, 
but other multivariate techniques were to be included if they proved useful.
In investigations of this type, a balance has to be struck between on the 
one hand collecting a large amount of data from a relatively small number of 
plots or on the other, collecting a lesser amount of data from a large number 
of plots. In this study the balance was strongly in favour of the latter 
approach, partly because it was intended to cover a wide geographical range. 
In addition many of the sites were difficult of access, and many of the crops 
difficult to operate in. This meant that a comparatively large amount of time 
was required for travelling and laying out of the plots, thus restricting the time 
available at each plot.
The criteria for the choice of sites and the distribution of sites and plots 
are detailed below.
2.3 Distribution of experimental sites.
Sites were distributed as far as was possible over the whole of Scotland 
and northern England (see Figure 3). In view of the important effect of 
"exposure" on growth rates in the uplands, special efforts were made to ensure 
that western and northern coastal areas were represented, as well as the 
extensive areas of high elevation forestry in inland districts. This was done by 
stratifying the area by Forestry Commission windzones (see Miller 1985) and 
attempting to locate suitable sites in each of the five windzones. Difficulty was 
experienced in locating suitable sites in windzones A-C, proving totally 
impossible in windzone A (the Outer Isles and extreme west coast). This was 
generally due to the lack of crops of a suitable age. It was also difficult to find 
sufficiently large areas of continuous Sitka spruce in eastern Scotland. Both 
these areas are represented by single plots rather than by sites with series of 
plots.
Possible sites were located in the first instance by local Forestry 
Commission research head foresters, the final choice of sites being made by 
the author after visits to all of the proposed sites. The number of suitable 
sites proved to be surprisingly restricted and intentions of trying to ensure an 
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Figure 3. Location of fieldwork sites
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aspect had to be abandoned.
Figure 3 shows the location of the sites and Table 3 gives an overview of 
the main site characteristics.
2.4 Choice of experimental sites.
The following constraints were applied to the choice of experimental sites:
1. Crops should consist of pure Sitka spruce extending more or less 
continuously over as large an altitudinal range as possible and 
terminating at or near the level considered locally as the upper 
planting limit.
2. The age of the crops should, where possible, be 15 years or older, 
with an age range of 20-30 years being preferred. This was to try 
to ensure that the crops were old enough to give reliable estimates 
of yield class but young enough to have received standard modern 
silvicultural treatment. Sites with a relatively even age structure 
were to be preferred to sites with widely differing crop ages.
3. The topography and the soil conditions of the slopes should not be 
unduly variable.
4. The sites and the performance of the crops on them should preferably 
be broadly representative of the surrounding area.
5. Crops should be free from extraordinary establishment problems such 
as poor drainage, frost damage, or heather check. Crops with obvious 
nutrient deficiencies were avoided.
6. Crops should be of Queen Charlotte Island provenance or similar.
The main factor which prevented the use of many potential areas was that 
high elevation plantations were generally too young. Crops under 15 years of 
age were included on one main site (Arran) and on 5 plots on Forestry 
Commission high elevation experimental sites. Crops older than 30 years were 
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techniques had not differed too greatly from modern practice. 
2.5 Location of Plots. 
2.5.1. Main sites (transects)
Eighteen main sites ("transects") were established where plots were located 
at regular intervals of elevation up the slope. The height intervals varied from 
site to site according to the vertical elevation range of the site. A total of 
8-10 plots at 20 metre vertical height intervals spanning the upper 200 m of 
plantation was regarded as ideal but conditions where this was possible were 
only encountered on 9 sites. On nine other sites it was possible to establish 
5-8 plots at 20-40 m intervals.
Transects were generally located parallel to rides running up the slopes. 
The plots were located far enough from the edges of crops to be unaffected by 
"edge effects" (ie. wind damage on exposed plantation edges) but close enough 
to ridesides to allow relatively easy access into what were often extremely 
inhospitable thicket stage plantations. This generally meant that plot centres 
were located between 20 and 60 metres from the edges of rides running up 
the slopes. The uppermost or lowest plot of the transect was located 
randomly within the constraints mentioned above, then the remainder of the 
plots were located at predetermined height intervals at random distances 
(between 20 and 60 metres) from the rideside.
In the case of plot centres falling in areas of obviously unhealthy or 
damaged trees, or where stocking was markedly lower than in the surrounding 
crops, plot centres were moved along the contour into the first apparently 
representative area of plantation. Due to the method of site selection 
employed, this procedure was only necessary in three cases.
2.5.2. Supplementary sites.
Nineteen supplementary sites were established to increase the geographical 
range of the data. As previously mentioned, these were located either:
1. In Forestry Commission high elevation experiments or other experiments 
on relatively exposed sites.
2. In the vicinity of sites where tatter flags had been flown prior to
30
planting.
3. In standard plantations in relatively exposed areas where areas 
suitable for major sites were not available.
In the case of categories 1. and 2. many of the relevant site variables had 
been assessed prior to planting and a certain amount of useful background 
information was available. At F.C. experimental sites, plots were located in, or 
previously assessed data were taken from, areas with treatments most akin to 
modern silvicultural practice. In the case of old tatter flag sites, plots were 
centred on the old flag posts which were located, often with a certain amount 
of difficulty, from six-figure grid references. In the case of standard plantations 
(Borgie, Helmsdale, Clashindarroch, Glentress), plots were located subjectively 
to give a representative picture of the local site.
2.6 Sample plot procedure.
1. The centre of the plot was located according to the procedure described 
in section 2.5 and was marked with a cane.
2. In thicket stage crops alternate row brashing was carried out on an area 
of approximately 0.02 ha around the plot centre to allow easier access within 
the crop.
3. The plot boundaries were established using measuring tapes and canes. 
In the case of regularly spaced crops, square plots were found to be most 
appropriate whereas in irregular crops circular plots were used. In the case of 
square plots, a 20 m by 20 m (0.04 ha) area was marked out in alignment with 
the direction of ploughing and within this a 14.1 by 14.1 m (0.02 ha) area was 
laid out. In the case of circular plots diameters of 22.6 m and 16.0 m were 
used for the 0.04 ha and 0.02 ha plots respectively, with their circumferences 
being marked at eight points. Suitable stepping procedures were used on 
slopes.
4. General Yield Class was assessed according to standard procedure 
(Edwards and Christie 1981) based on four trees on the 0.04 ha plot. Trees with 
broken leaders were so frequent in some areas that they had to be accepted as 
top height trees unless repeated damage had resulted in them being markedly 
lower than other dominants on the plot. The breast height diameters of all the
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trees within the 0.02 ha plot were recorded to give estimates of basal area per 
hectare. This information was used to make estimates Local Yield Class.
5. Topex was assessed usually from the top of a dominant tree but 
occasionally from a nearby point on the ride. When misty conditions prevailed 
topex was calculated from 1:10,000 and 1:50,000 maps in a fashion similar to 
that described by Wilson (1984).
6. Slope was assessed from the plot centre as the average of upslope and 
downslope angles.
7. Aspect was assessed from the plot centre.
8. A soil pit was dug to a maximum depth of 1 metre midway between the 
two trees nearest the plot centre. The soil was classified according to the 
Forestry Commission system (Pyatt 1982). Rooting depth was measured to the 
deepest live root. Total depth was measured to compacted or rocky layers in 
the C horizon which were thought to seriously impede rooting (and digging !). 
Measurements were taken from what was estimated to be the original ground 
surface.
9. In the first field season increment cores were taken from the top height 
trees and the number of years taken to reach breast height was estimated. This 
gave an indication of the existence of early growth check. No instances of 
check serious enough to warrant adjustment of yield class values were 
encountered and this procedure was dropped during the second field season.
2.7 Reliability of measurements.
Some difficulty was encountered making measurements in some of the 
younger, denser crops. Top height measurements in crops of top height 14 m 
or less were made using heighting poles and were probably accurate to the 
nearest 0.2 m. In taller crops the preferred method of height measurement 
was using a hypsometer (precision approximately ±0.25 m). Where visibility 
was particularly poor, trees were measured by climbing, which probably 
maintained a level of precision of about ±0.25 m. Topex was generally 
measured from the top of a dominant tree and despite operational difficulties, 
this was often the only feasible way of making reasonably precise 
measurements. Topex measurements made from Ordnance Survey maps,
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which were resorted to in misty weather, are generally precise only to the 
nearest 5 - 10 ° (Reynard, B.R. pers. comm.). Considerable difficult was 
encountered in making measurements of angle of slope within dense crops, 
and these are probably reliable to within ±2 °. Some of the factors which 
influence the reliability of climatic data obtained from climatic maps and by 
extrapolating meteorological data are described in chapter 4.
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CHAPTER 3 
THE EFFECTS OF ELEVATION ON PRODUCTIVITY.
3.1 Introduction.
Changes in elevation affect many aspects of forest ecosystems and 
manifest themselves in many different ways including changes in species 
composition (natural forests), growth rates, productivity, form and reproductive 
capacity. A special feature of these changes is the treeline (timberline) above 
which high forest growth is impossible due to adverse environmental 
conditions.
Diminishing rates of productivity due to increasing elevation have been 
demonstrated for natural forests (eg. Kira and Shidei 1967, Grubb 1977, 
Maruyama 1971), semi-natural managed forests (eg. Tranquillini 1979, Benecke 
and Davis 1980) and forest plantations (eg. Malcolm 1970, Studholme 1968, 
Mayhead 1973). Similar effects have been shown for forest experiments using 
potted plants (eg. Benecke 1972, Tranquillini et al. 1978), for pasturelands (eg. 
Jones 1970, Hunter and Grant 1971) and for natural vegetation other than 
forest (Pearsall 1950).
In the case of natural forests, research has been largely ecologically 
orientated, demonstrating different levels of productivity and accompanying 
changes in species composition and growth form at varying altitudes (eg. Kira 
and Shidei 1967). In semi-natural forests in the European Alps, New Zealand 
and North America, research has been aimed at establishing the links between 
environmental factors, growth processes and production (Tranquillini 1979, 
Benecke and Davis 1980, Running 1984). In such forests the treeline is an 
important feature and has attracted a large amount of research. In plantation 
forestry decreases in productivity due to increasing elevation have been 
studied largely with a view to land capability assessment (Malcolm 1970, 
Mayhead 1973).
Declining productivity with increasing elevation can be expressed in various 
ways, including changes in total dry matter production, mean volume, height or 
diameter of the crop and increments in volume, height or diameter.
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Information on changes in total dry matter production is scarce (Tranquillini
1979). Total above ground biomass decreased from 40 t ha~ 1 yr~ 1 to 20 t ha' 1 
yr~ between 550 m and 1550 m in Fagus crenata in Japan (Maruyama 1971) 
and from 7 t ha" 1 yr" 1 to 5 t ha" 1 yr" 1 between 900 m and 1340 m in 
Nothofagus solandrim New Zealand (Wardle 1970). Kira and Shidei (1967) give 
a comprehensive picture of declining biomass production with increasing 
elevation in different climatic zones in the western Pacific region.
Decreases in total standing volume of about 3 m 3 per 100 m increase in 
elevation have been shown in Finland (Poso and Kujula 1973, Roiko-Jokela
1980). Decreases in timber volume increment have been demonstrated in 
several parts of the world and these are illustrated in Figure 4. The effect of 
latitude in determining the levels of productivity with respect to elevation is 
apparent. The altitude of the natural treeline is also affected by latitude, rising 
from near sea-level at 70 N. to about 700 m in southern Scandinavia, 2000 m 
in the European Alps, 3000m in Mediterranean areas and to over 4000 m in 
parts of the tropics (Baumgartner 1980).
Both linear and non-linear relationships between productivity and elevation 
have been recorded. In the majority of the British studies relationships between 
productivity and elevation were found to be linear (Malcolm 1970, Studholme 
1968, Mayhead 1973). However Oswald (1969) showed relationships between 
tree height and elevation which were best described as third order polynomials 
for Norway spruce in France. Daniker (1923) and Ott (1978) recorded only 
slight declines in tree height up to about 1800 m in Switzerland but above this 
level tree height declined very rapidly (3-5 m per 100 m increase in altitude). 
Studholme (1968) found rather higher rates of decrease in productivity with 
increasing elevation amongst the highest plantations of Sitka spruce and 
European larch in Britain than did Malcolm (1970) sampling over the entire 
elevation range. Productivity at lower elevations can be limited by the 
moisture requirements of trees and this can lead to an optimum elevation for 
productivity occurring at moderate altitudes (Tranquillini et al. 1978).
Incremental height data have been gathered for both forest trees ( Wardle 
1970) and potted tree seedlings (Benecke 1972, Freezaillah 1974, Tranquillini et 
al. 1978). Holzer (1973 - quoted in Tranquillini 1979) showed that annual height 
increments of Norway spruce diminished from 30 cm at 700 m to 15 cm at the 




































































































































































































































































forest at 1800 - 1900 m. In Nothofagus solandriin New Zealand mean shoot 
extension diminished from 40.5 cm to 4.9 cm between 820 m and 1350 m 
(Wardle 1970).
The use of potted seedlings growing at specific elevations allows 
comparison of growth patterns under controlled site conditions using plants of 
known origin. Tranquillini (1979) reviewed such experiments carried out in the 
European Alps and New Zealand. The height growth patterns of trees in natural 
populations were partly genetically based, with plants from higher altitude 
origins generally showing shorter growth periods and slower growth rates than 
plants from low elevation origins grown on the same sites. Budbreak was 
generally delayed at higher elevations by values of up to six weeks. Similar 
effects of elevation on the date of budbreak have been shown for Sitka spruce 
in Britain by Cannell (1985). Growth cessation was independent of elevation in 
some species (eg. larches) but was delayed by a similar amount as budbreak in 
species such as Norway spruce (Tranquillini 1979).
Freezaillah (1974) studied the effects of environmental factors and fertilising 
on potted seedlings of Sitka spruce growing at a range of elevations in 
Scotland and concluded that growth rates were primarily determined by the 
growing season temperature.
3.1.1 Factors causing reduced growth with increasing elevation.
The majority of environmental factors which influence tree growth vary with 
changes in elevation. This means that the influence of elevation on 
productivity is a complicated one and attributing effects to specific factors is 
problematic given the present state of our knowledge. Even distinguishing 
between climatic and edaphic factors can be difficult.
However, some trends are apparent. Probably the most important 
environmental factor causing growth rates to vary with changes in elevation is 
air temperature through its effect on plant tissue temperature and thus on 
photosynthesis and respiration ( Tranquillini 1979). Temperature also controls 
the rates of cell division and shoot extension. A detailed account of the effect 
of temperature on tree growth is given in section 4.1.1.
Growing season length is an important factor which determines the time 
available to trees for the completion of growth, the maturation of tissues and
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the setting of buds. Growing season length diminished more rapidly in oceanic 
areas than continental areas due to the slower rate of change of temperature 
with time at the beginning and end of the growing season which occurs in 
oceanic climates (Manley 1945, Gloyne 1958, Taylor 1965).
Average windspeeds generally increase with increasing elevation (Grace 
1977). Wind is a potent factor which affects growth by reducing plant tissue 
temperature, affecting plant water status, influencing stomatal opening and thus 
photosynthesis and also by mechanical shaking and damage (Grace 1977, Rees 
and Grace 1980a,b). A detailed account of the effects of wind on tree growth 
is given in section 4.1.2.
Adiabatic processes operating over mountain massifs affect cloud 
formation, humidity and the incidence of precipitation. Increased cloudiness 
leads to reduced light intensities and this may reduce photosynthesis. 
Increased humidity and rainfall levels are beneficial to productivity in many 
areas of the world though on upland sites in maritime areas such as Britain 
where significant water deficits are relatively infrequent this is probably 
seldom the case.
In particularly high elevation areas of the world factors such as decreased 
atmospheric pressure, reduced partial pressure of carbon dioxide, increased 
solar energy flux, and ultra-violet enrichment of the solar spectrum may 
contribute to reduced growth (Daubenmire 1954, Wardle 1965, Tranquillini 1964, 
1979, Benecke and Davis 1980). The frequency of some damaging events such 
as frost damage and snowbreak also tends to increase with increasing 
elevation (Cannell 1985, Worrell 1979).
Changes in soil conditions which may be linked with reduced productivity 
with increased elevation include soil temperature, nutrient availability, and 
water status. Soils also tend to become less mature, less stable and often 
shallower with increasing elevation (Pearsall 1950). These effects are reflected 
in changes in soil-type with elevation (catenas). Soil temperatures are linked 
to air temperatures (Russell 1973, Bocock et al. 1977), though the relationship is 
affected by a number of factors including the thermal conductance of the soil. 
Soil temperatures have been shown to decline with increasing elevation at 
similar rates to mean air temperatures in certain cases (Shanks 1956). Soil 
temperatures affect the rates of microbial and chemical activity in the soil and
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root growth rates and therefore influence nutrient availability. Although 
nutrient availability is a major factor influencing forest productivity, changes in 
nutrient levels are apparently of relatively minor importance in relation to 
changes in forest growth rates with increasing elevation, particularly near the 
treeline (Millard 1974, Nordmeyer 1980). Water relations during the winter 
period appear to be of considerable importance to tree growth near alpine 
treelines (Tranquillini 1979, Turner and Tranquillini 1985). Low soil temperatures 
inhibit water uptake and restrict water conductance within the plant. This in 
combination with with incomplete leaf cuticle development resulting from the 
short growing season, may lead to damaging levels of water stress (Tranquillini 
1979).
In general climatic factors appear to exert a dominating influence on forest 
productivity at high elevations (Tranquillini 1979, Benecke and Davis 1980). 
However, making more specific statements about the relative importance of 
different environmental variables is difficult for several reasons. Firstly, many 
of the environmental factors affecting site-growth relationships are interrelated, 
for example air temperature with soil temperature and soil temperature with 
soil nutrient cycling. Many of the specific environmental variables (eg. air and 
soil temperatures) are also affected by gross topographic factors such as 
geomorphic shelter, slope and aspect, which are difficult to quantify. Further, 
many of the physiological processes governing growth are interrelated, for 
example transpiration and photosynthesis through the control of stomatal 
opening. Many of the plant responses to environmental factors are also to a 
certain extent genetically controlled, being specific to certain species or origins.
3.2 The effect of elevation on General Yield Class. 
3.2.1 Individual sites.
The relationships between GYC and elevation were estimated by regression 
analysis for the 18 main sites. These are shown in Figures 5 a-i, together with 
the corresponding values for topex and angle of slope. The regression lines for 
all the sites are shown together in Figure 6. General Yield Class and elevation 
were closely related on the majority of sites, with elevation accounting for 
between 53 per cent and 98 per cent of the variation in GYC. The values of r2 
are higher than those reported in previous studies (Malcolm 1970, Studholme 
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Figure 5a. Relationships between productivity (GYC) and elevation 
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sites which was aimed at avoiding areas with undue soil and topographic 
variability. The average rate of change in GYC with elevation was 4.3 m 3 ha" 1 
yr" 1 per 100 m, with values varying between 1.7 m 3 ha" 1 yr~ 1 and 7.4 m 3 ha" 1 
yr~ 1 and with one exceptional value of 13.3 (Strathyre 3). The relationships 
were best estimated by simple linear functions. Polynomial equations gave 
significantly better fit for the sites at Ae, Glenshiel and Strathyre 3. These 
sites had only 5 plots and the non-linear trends were often the result of one or 
two slightly aberrant GYC values.
3.2.2 Pooled data.
The relationship between GYC and elevation for the pooled data from all 
188 plots was best estimated by a linear model. The equation was:
GYC = 20.3 - 0.0174(elevation) r2 36.1% .......(1)
The r2 value of 36 per cent was lower than that recorded by Malcolm (1970) 
and Studholme (1968) but was higher than that of Mayhead and Broad (1978) 
for Wales. This relatively low r2 value is largely accounted for by the fact that 
a very wide range of sites was sampled in this study compared with those of 
Malcolm and Studholme. A large amount of the variation in the overall 
GYC/elevation relationship is due to variation from site to site, as is apparent 
from Figure 6 which shows the regression lines for the individual sites together 
with the overall regression line for the pooled data.
Figure 6 also shows a clear disparity between the slopes of the regression 
lines for the individual sites (mean slope 0.0430) and the regression line for the 
pooled data (slope 0.0174). The slope of regression line for the pooled data is 
determined by both the GYC/elevation relationships for the individual sites and 
the variation in these relationships from site to site. Increasing elevation is 
associated with two trends in the GYC data:
1. A decrease in GYC on each site (within-site variation).
2. An increase in GYC associated with the fact that higher elevation 
sites tend to show higher GYC values at specific elevations than 
low level sites (between-site variation). This proved to be because 
there was a strong tendency for high level sites to be located in 





































































































































































in more exposed coastal areas (see section 3.2.3).
3.2.3 Analysis of covariance.
A clearer picture of the trends described above was obtained by fitting a 
model in which a common slope was assumed for the GYC/elevation 
relationships, but GYC values were specific to each site (ie. the intercepts for 
the lines for each site were allowed to vary). This can be thought of as fitting 
an "average" regression line for the individual sites and then using the average 
displacement of the individual regression lines from this overall line as a 
measure of the effect of the site to site variation (ie. an analysis of covariance). 
This model was fitted for the data for the main sites by multiple regression 
analysis using dummy variables. Dummy variables provide an effective way of 
estimating the effects of categorical (qualitative) variables such as "site" (ie. 
location), which can be combined with metric (quantitative) variables in 
standard regression models (Nie. et al. 1975; see also Appendix 9 for a 
description of the use of dummy variables). The model used is shown below:
GYC = a + b(elevation) + b^ + b 2X2 + ........b n X n
where X 1fX2,...Xn are dummy variables taking values of 1 or 0 
according to site.
Dummy variables are created by setting the value of, for example, X 1 for site 1 
as 1.0 and all the other X-values to 0. For site 2, X2 takes the value 1.0 and all 
the other X-values take 0. The entire set of dummy variables are then included 
in the regression analysis. In order to solve the normal equations, one of the 
sites must be a "reference category" for which the value of b is zero. 
Effectively all the other categories (sites) are compared with the reference 
category. In the case of this analysis the site at Glenbranter was the reference 
category. The data for the three sites at Strathyre and the two sites at 
Ballachulish were pooled to give a total of 15 sites. The resultant equation 
was:
GYC = 27.3 - 0.043(elevation) + "site effects' ......... (2)
The values of the coefficients b 1 ,b2 ...b n (ie. the "site effects") varied from -4.32 
m 3 ha" 1 yr" 1 to 8.57 m 3 ha' 1 yr' 1 and are shown in Figure 7 (see Appendix 2a 
for regression analysis). A tendency for inland sites to have the highest values 
is apparent. The effect of location was highly significant, with a f-value of 27.5
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Figure 7. Site effect coefficients for the major sites
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(see Appendix 2a). This f-test effectively tests the hypothesis that there is no 
difference between the intercepts for the individual sites assuming a common 
slope to the GYC/elevation relationships.
This model was then fitted for the entire data set to investigate the 
geographical distribution of the variation in the GYC/elevation relationships. 
This gave the following equation:
GYC = 26.5 - 0.0404(elevation) + "site effect" ......... (3)
r2 = 80.7%
The site effects varied between -9.45 and +8.34 m 3 ha" 1 yr~ 1 with the lowest 
values being recorded in western and northern coastal areas and the highest in 
inland and southern areas (see Appendix 2b). The site effects were contour 
mapped by computer as shown in Figure 8 to give an overall impression of the 
effect of geographical location on GYC.
The "site effects" were also clearly related to the mean elevation for each 
site (Figure 9) with the values of "site effect" increasing by on average 2.4 m 3 
ha' 1 yr~ 1 for every 100 m increase in elevation. This means that an increase in 
elevation of 100 m, as well as being associated with a decrease in GYC of 4.3 
m 3 ha~ 1 yr" 1 is, in this data set, also associated with an increase in GYC of 
about 2.5 m 3 ha' 1 yr' 1 as one moves inland and southwards.
Reference to Figure 8 and equation (3) above provides a simple method of 
estimating GYC for any area of Scotland at any elevation within the original 
range of the data. For example the GYC at 400 metres at Glenbranter is 
estimated to be:
GYC = 26.5 - 0.0404(400) + 0.0 = 10.3 ie. GYC 10 
At 400 metres in Caithness the GYC is estimated to be:
GYC = 26.5 - 0.0404(400) - 4.0 = 6.3 ie. GYC 6 
At 400 metres over much of central Scotland GYC is estimated to be:
GYC = 26.5 - 0.0404(400) + 4.0 = 14.3 ie. GYC 14
The tendency for value of GYC at specific elevations to be lower in coastal and 
northern areas than in inland areas is readily apparent from Figure 8. The 
pattern is remarkably similar to that described as "exposure zones" by 




Figure 8. Site effect coefficients for all the sites
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without the aid of statistical analysis. The pattern also clearly resembles 
known patterns of windiness such as mean windspeeds (Hardman et al. 1973) 
and Forestry Commission windzones (Miller 1985). It is also similar to the 
distribution of growing season temperature in Scotland (Meteorological Office 
1952).
Models 2 and 3 assume that although the intercepts of the individual GYC 
elevation relationships vary from site to site, their slopes are the same. The 
hypothesis that the slopes were the same was tested by comparing the model 
(2) above with a model (4) in which both the slopes and the intercepts were 
free to vary (ie. essentially a summation of the regression analyses for all the 
individual major sites - see Appendix 3). The f-ratio for:
[SS res.? - SS res.J/[d.f. res. 2 - d.f. res.J
MS res.2
= 3.33 ** (see Appendix 3) 
where:
SS res. 2 = sum of squares of residual for model 2 etc. 
d.f. res.2 = degrees of freedom for residual for model 2 etc. 
MS res.2 = mean square residual for model 2.
This result indicates that the slopes of the regression lines for the individual 
sites are not the same.
Figure 10 shows the relationship between the slopes of the regression lines 
for the individual sites and the mean elevation of the sites. A tendency for the 
slopes of the lines to increase with elevation is apparent, though this trend is 
conditioned to a large extent by values at the upper and lower extremes of 
elevation. A similar trend can be seen by comparing the results of Studholme 
(1968), who sampled sites at high elevations and recorded a rate of decrease in 
the GYC of Sitka spruce of 6.6 m 3 ha~ 1 yr' 1 per 100 m, with those of Malcolm 
(1970) who sampled the entire elevation range and recorded a rate of about 2.8 
m 3 ha" 1 yr" 1 .
This indicates that the underlying trend in the GYC/elevation relationship 
may be non-linear, with greater rates of decrease in GYC with elevation 
occurring at higher elevations. To test for this a quadratic model was fitted 
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This model was fitted for both the data for the main sites and for the complete 
data set. The resultant equations were:
Main sites
GYC - 27.4 - 0.0224(elevation) - 0.0000282(elevation2) + "site effect"
r2 - 88.5% ..... (model 5) 
Complete data 
GYC = 24.4 -0.0262(elevation) - 0.00001973(elevation 2) + "site effect"
r2 = 81.1% ..... (model 6)
The site effects for for the complete data set were contour-mapped by 
computer (Figure 11.). The effect of the quadratic term was significant (P < 
0.001) for the data for the main sites but was not significant for the complete 
data set. The fact that the quadratic term was not significant for the complete 
data set was found to be largely due to the effect of the data for the site at 
Angus which did not conform to the pattern of greater values for the slope 
coefficient at higher elevations (see Figure 10). The plots at Angus were 
located on old tatter flag sites and the highest elevation plot (number 134 - 
see Appendix 1) appeared to be showing unrepresentatively high growth rates 
for the area. When data for this site were excluded the effect of the quadratic 
term was significant (P < 0.05).
These results indicate that the underlying trend of decreasing GYC with 
increasing elevation may be non-linear over the entire elevation range. The 
fact that the GYC/elevation relationships at the individual sites were generally 
best estimated by linear models indicates that the elevation ranges sampled 
were too small for any non-linear trend to be detected. It should be noted that 
GYC data was not collected over the entire elevation range at any site during 
this study, so models 5 and 6 above do not give a particularly good estimate 
of the curvilinear trend. Malcolm (1970), although finding that a linear model 
gave a good fit when his and Studholme's (1968) data were combined, noted 
that there was "an indication that the rate of reduction in growth with 
increasing elevation is accelerating towards the higher elevations".
Further evidence for a non-linear trend to the GYC/elevation relationship is 
apparent from the fact that most of the linear functions shown in Figures 5a-i 
give overestimates of GYC when extrapolated beyond the range of the data to
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Fieldwork Sites
Figure 11. Site effect coefficients for model 6
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low values of elevation. The average value of the intercept coefficient (GYC 
when elevation - 0) was GYC 31. Values of GYC in excess of 20 to 24 are 
comparatively infrequent in northern Britain, though they are known to occur. 
This indicates that the rates of increase in GYC with decreasing elevation 
recorded on the exposed sites in this study are not sustained over the entire 
elevation range. This is particularly true of inland sites.
This apparent non-linear trend may be the result of the environmental 
factors which affect growth such as site windiness, temperature or soil 
conditions changing more rapidly with elevation at high elevations and on 
exposed sites than at low elevations. Alternatively productivity at lower 
elevations could be limited by moisture supply (Jarvis et al. 1983), so that 
decreases in GYC due to increasingly adverse wind, temperature and edaphic 
conditions only begin to operate at elevations where moisture supply ceases to 
be a limiting factor. The soils and moisture regimes of the sites in this study 
were particularly favourable for the growth of Sitka spruce and it is possible 
that if such site conditions existed at low elevations in sheltered locations, 
then GYC values of near 30 may be more realistic. It is worth noting in this 
context that while growth rates of GYC 20-24 are commonly the maximum for 
lowland sites in the United Kingdom, values as high as 36 occur on certain 
low-level sites in wet areas of Ireland (Davis 1982)
Even though there is evidence for an underlying non-linear relationship 
between GYC and elevation over the entire elevation range, over the restricted 
elevation ranges on the individual sites the relationships were generally best 
described as linear functions. For this reason it was felt that linear models 
such as models (2) and (3) were appropriate for describing the relationships 
between GYC and elevation for the restricted elevation ranges of the exposed 
sites surveyed in this study. Further research is needed to clarify the nature of 
the relationship between GYC and elevation on low elevation sites.
3.3 Planting limits.
Table 4. shows the elevations at which GYC 6 and GYC 8 and GYC 10 are 
predicted to occur according to the functions for the individual sites. GYC 6 
was chosen as it is the lowest productivity level for which yield tables have 
been published. GYC 8 is the lowest yield class generally considered 




Elevation in metres at which GYC 6 and GYC 8 are predicted 

































































































* particularly unreliable values due to extrapolating well 
beyond the range of the data.
? boundaries of windzones particularly uncertain in this area 
due to lack of tatter flag data.
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Fjeldwork Sites
Figure 12. Elevation at which GYC 8 is predicted by model 7
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a suitable minimum on remote sites (Gale and Anderson 1984).
The elevation at which GYC 8 is predicted varied from 350 m for the site at 
South Kin tyre to over 600 m for several of the inland sites. Values for the sites 
at Ratagan and Sunart were generated by extrapolating well beyond the range 
of the original data and are clearly aberrant. At both these sites only 5 plots 
were sampled and low rates of decrease in GYC with elevation were recorded.
With the exception of these two sites the data show a tendency for the 
planting limit to rise according to windzone (ie. from coastal to inland locations 
- see Appendix 10 for wind zone map). This pattern is illustrated in Figure 12 
which shows the values of elevation predicted for GYC 8 by transposing model 
(3) above to:
Elevation of planting limit = (26.5 - 8.0 + "site effect")/0.0404 ...(7)
The values predicted for each site were mapped by computer. The values 
predicted range from 300 m for the outer part of the west coast to over 600m 
in several inland areas. These agree well with previous estimates of yield 
classes near upper planting limits. For example, Gale and Anderson (1984) 
estimated that GYC 8-10 occurred between 520 and 560 m in Galloway (550 m 
predicted by equation (2)) and Patterson (1977) estimated planting limits to be 
550 m in Upper Deeside (550-600 m predicted by equation (2)).
3.4 Conclusions.
1. Production (ie. General Yield Class) is fairly closely related to elevation 
on the individual sites (see Figures 5a-i).
2. There is considerable variation in the relationships between GYC and 
elevation from site to site, coastal and northern sites showing lower levels of 
productivity at specific elevations than inland and southern sites.
3. The geographical distribution of the differences in the GYC/elevation 
relationships from site to site is similar to known pattern of windiness and 
temperature.
4. The relationships between General Yield Class and elevation is linear on 
all but three sites, but the slopes of the regression lines for the individual sites 
tend to increase as the mean elevation of the sites increase. This indicates
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that the underlying trend of decreasing productivity with increasing elevation is 
non-linear for the entire elevation range.
5. A simple model has been developed in which GYC is related to elevation 
and geographical location (model 3). This allows the rough estimation of 
general yield class at specific elevations on exposed sites for any area of 
Scotland and parts of northern England. By assuming a minimum acceptable 
GYC value of, for example, GYC 8 estimates of upper planting limits can also 
be made.
On account of the patterns described in conclusion 3. above, investigation 
of the roles of wind and growing season temperature on the productivity of 
Sitka spruce on exposed sites was carried out.
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CHAPTER 4 
THE EFFECTS OF TEMPERATURE AND WIND ON PRODUCTIVITY.
4.1 Introduction.
4.1.1 Temperature and forest productivity.
Temperature has been shown to affect the growth and productivity of 
forests (Mikola 1962, Farr and Harris 1979), the growth of individual forest trees 
both natural and planted (eg. Hiley and Cunliffe 1922, Baldwin 1931, Dahl and 
Mork 1959, Millar 1965, Cleary and Waring 1969, Perala 1985) and of potted 
trees in controlled experiments (eg. Tranquillini 1979, Freezaillah 1974). It also 
influences the yield of pasture (eg. Hunter and Grant 1971) and the growth 
rates of natural vegetation (eg. Grace and Woolhouse 1970). As well as 
affecting the productivity of trees, temperature also affects the distribution of 
tree species, their flowering and fruiting and their cycle of dormancy and 
budbreak. Temperature is a particularly critical factor in the growth and 
reproduction of alpine and arctic forests, and has a dominating influence on the 
occurrence of treelines (Tourney 1947, Daubenmire 1954, Mikola 1962, 
Tranquillini 1979).
The effects of temperature on the growth of trees are complex because 
temperature affects the rate of almost every physiological process in plants. 
These include photosynthesis (source activity) and respiration and the 
utilisation of assimilates for growth and storage (sink activity). The rates of 
cell division and expansion which are fundamental to the growth process are 
also affected, as are transpiration and the translocation of substances including 
nutrients and hormones. At the cellular level increasing temperature leads to 
increased rates of chemical reaction until the temperatures become high 
enough to inhibit enzyme activity, after which reaction rates of enzyme 
mediated reactions decline (Fitter and Hay 1981). This is reflected in the 
existence of temperature optima for several plant processes including 
photosynthesis and growth rates (eg. Hellmers et al. 1970, Neilson et al. 1972, 
Habjorg 1972, Pymar 1978). For example Sitka spruce showed maximum 
extension growth when under a regime of 20 °C by day and 8 °C by night 
(Pymar 1978). Temperature optima for growth and photosynthesis in conifers
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generally lie in the range 15-25 °C . Such temperatures prevail for only a 
relatively small proportion of the time on upland sites in Britain, from which it 
can be concluded that temperature is likely to be a major limiting factor for 
tree growth in the British uplands.
4.1.1.1 Primary production.
The relationships between environmental factors and the primary production 
of coniferous trees has been reviewed by Tranquillini (1979). Trees in common 
with other plants show a characteristic pattern of increasing net photosynthesis 
with increasing temperature up to a maximum which is commonly in the range 
15 - 30 °C for temperate species. Beyond this optimal temperature net 
photosynthesis declines. The minimum, optimum and maximum temperatures 
for net photosynthesis are species specific, as are the overall values of rates of 
photosynthesis (Fitter and Hay 1981). Neilson et al. (1972) showed that the 
temperature optimum for Sitka spruce lay in the range 10 - 20 °C but was 
generally about 18 °C. Rates of photosynthesis decline to zero at about -5 °C.
Temperature optima (and minima) for photosynthesis generally decrease 
with increasing altitude, which possibly indicates a degree of adaption to high 
elevation sites (Fryer and Ledig 1972, Slayter and Morrow 1977, Tranquillini 
1979, Tranquillini and Havranek 1985). Tranquillini and Havranek reported a 
strong negative correlation between temperature optima and elevation of origin 
in Norway spruce. The lapse rate of the temperature optimum was 0.2-0.65 °C 
per 100 m. Similar effects have been noted in European larch and Norway 
spruce (Tranquillini 1979), Betula verrucosa (Pisek et al. 1969), and Eucalyptus 
pauciflora (Slayter and Morrow 1977).
Many conifers can photosynthesise at temperatures below 0 °C and at low 
elevations even in continental areas net carbon assimilation during the winter 
may be positive (Pisek and Tranquillini 1954, Tranquillini 1979). According to 
Neilson et al. (1972) net photosynthesis in Sitka spruce at 0 °C under high 
illumination proceeds at over 30 per cent of the maximum value. This means 
that photosynthetic dormancy in Sitka spruce in Scotland must be infrequent 
and transient (Neilson et al. 1972). Bradbury and Malcolm (1978) found that 
seedlings of Sitka spruce in Scotland showed substantial weight gains over the 
winter period. However at treeline sites in continental areas, winter CO 2 
assimilation is generally negative due mainly to loss of foliage (Tranquillini
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1979, Mooney et al. 1966). In Pinus aristata at 3100 m Schulze et al. (1967) 
calculated that almost half the summer's C02 assimilation would be necessary 
to make up for winter losses.
Net photosynthesis of Pinus cembra was found to be influenced by soil 
temperatures (Tranquillini 1959) though Neilson et al. (1972) were not able to 
confirm this for Sitka spruce. The occurrence of frost can seriously affect 
photosynthesis the following day (Tranquillini 1979) and temperature conditions 
prior to measurement also affect measured rates of photosynthesis (Neilson et 
al. 1972).
The relationship between respiration and temperature in trees has received 
less attention than photosynthesis. Measurements of respiration made both on 
excised shoot and on trees in situ have demonstrated that respiration rates 
increase with increasing temperature. However, experimental evidence from 
alpine areas seems to indicate that respiration rates increase with increasing 
elevation (Tranquiliini 1979, Benecke and Havranek 1980, Benecke and 
Nordmeyer 1982). This is generally regarded as signs of a metabolic 
acclimatisation to lower temperatures (Benecke and Nordmeyer 1982), though it 
is not immediately apparent why high respiration rates should confer any 
advantage to trees on high elevation sites, when this leads to an unfavourable 
CO2 assimilation / respiration balance (Tranquillini 1979).
4.1.1.2 Tree growth patterns
Numerous studies have concentrated on the role of temperature in 
controlling the breaking of dormancy and the rate of shoot extension. Shoot 
growth commences only when the temperature exceeds a certain minimum 
value (Baldwin 1931, Kienholz 1941, Millar 1965, White 1974) or when a certain 
heat sum has been accumulated (Campbell and Sugano 1975, Perala 1985, 
Cannell and Smith 1983). In upland Britain Millar (1965) found that birch (Betula 
pubescen^ grew in height only when the mean air and soil temperatures 
exceeded 5.1 - 5.6 °C. Cannell and Smith (1983) found that the date of 
budbreak in Sitka spruce was related to the combined effect of the 
accumulated temperature above 5 °C and the prior number of "chill days" (days 
with a mean temperature < 5 °C).
Shoot extension rates and total shoot growth are well correlated with
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growing season temperatures for a wide range of species with widely varying 
growth patterns (Hiley and Cunliffe 1922, Baldwin 1931, Millar 1965, Ford 1980). 
Shoot growth rates may also be affected by soil temperature though the 
relationship is not a close one. In the British uplands Millar (1965) found that 
the extension growth of birch was correlated with mean and maximum daily 
temperatures and was rather more loosely related to mean daily accumulated 
temperature above 5.6 °C and soil temperatures. Freezaillah (1974) showed 
that temperature was the most important of several environmental factors in 
determining the growth rate of potted Sitka spruce seedlings at different 
elevations. Tranquillini (1979) gives several examples of relationships between 
temperature and shoot growth near the alpine treeline. Kozlowski (1962) states 
that current season temperature affects the rate of shoot extension, while 
temperature during the previous season determines height growth potential by 
influencing the number of primordia laid down in the bud of the developing 
shoot and by influencing the amount of stored carbohydrates available.
The cessation of growth and the formation of terminal buds is largely under 
photoperiodic control (Wareing 1956), though temperature can have a modifying 
role (Pymar 1978, Cannell 1985).
Mikola (1962) used data from the Finnish national forest survey to show 
that the diameter growth of Norway spruce and Scots pine was well correlated 
with mean summer air temperatures, particularly the monthly means for July 
(Pine) and June (Spruce). The relationships were particularly close in areas 
near the arctic treeline. Diameter growth is more closely related to current 
season temperature because it is made more at the expense of carbohydrates 
produced during the current rather than those produced during the previous 
season.
Relationships between temperature and forest productivity have been 
demonstrated for both conifers and broadleaves on a a variety of site types. 
Farr and Harris (1979) showed that the site index of Sitka spruce was closely 
related to accumulated temperature above 5.1 °C over its entire latitudinal 
range. Stbmberg and Tegnhammar (1985) found accumulated temperature to 
be significantly related to the productivity of beech in southern Sweden, though 
edaphic infuences were dominating. Hunter and Gibson (1984) found mean 
growing season temperatures to be useful predictor variables in a study of the 
growth of Pinus radiata in New Zealand. Blyth (1974a) found that the
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productivity of Sitka spruce in north-east Scotland was correlated with various 
short-term indices of temperature.
4.1.1.3 Temperature indices used in the study of tree growth.
Many different temperature indices have been used in the study of plant 
growth and productivity. One of the problems with the use of any 
meteorological data is that the choice of possible indices is very wide, 
including maximum, mean, minimum or accumulated values representative of 
an infinite variety of possible time periods ranging from fractions of seconds to 
tens of years. These time periods may run concurrently with the phenomenon 
under scrutiny, or be prior to it or both. The researcher is often required to 
make an arbitrary prior selection of indices, then if he has time, choose the 
best by assessing the degree of correlation between them and the 
phenomenon under scrutiny. The type of index used depends to a large degree 
upon the nature of the phenomenon being studied, as is summarised below:
1. Photosynthesis, assimilation, respiration: meristem, bud or leaf 
temperatures over short periods.
2. Shoot extension: maximum, mean, minimum or accumulated hourly or 
daily temperatures of both the air (traditionally) or plant organs.
3. Growth rates or increments of individual trees: mean or accumulated 
seasonal air or annual temperatures.
4. Forest production: long term mean or accumulated seasonal or annual 
air temperatures, often extrapolated from nearby meteorological 
stations; also growing season length.
Recent advances in recording techniques have allowed accurate monitoring 
of the temperatures of plant organs, particularly leaves, buds and meristems. 
Such techniques are particularly useful in ecological and physiological studies, 
allowing meteorological conditions to be more closely linked to physiological 
processes (Cleary and Waring 1969, Grace 1977). However for large scale 
studies such measurements are clearly impractical and the researcher has little 
choice other than to rely on standard measures of air temperature.
Studies of agricultural productivity in relation to air temperature in upland
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Britain have shown that plant response to temperature can usefully, if 
simplistically, be divided into three distinct ranges (Hunter and Grant 1971, 
Bendelow and Hartnup 1980).
1. A lower threshold below which growth will not occur. This varies 
from species to species and to a limited extent within species 
according to origin and external factors such as photoperiod.
2. A temperature responsive range where temperature is the main 
factor governing growth and productivity.
3. A range where temperature is generally not limiting and other 
factors such as solar radiation balance and moisture supply become 
more important.
According to Hunter and Grant (1971), plants in upland areas are subject to 
temperature levels within the "temperature responsive range" for a large 
proportion of the growing season. This explains why productivity in upland 
areas is better correlated with temperature than it is in lowland areas where 
factors such as radiation balance and moisture supply are more important for a 
greater proportion of the growing season. Mikola (1962) reported closer 
correlations between temperature and forest growth in the north of Finland 
than in the south of the country and in Denmark and attributed this to similar 
reasons.
In meteorologically orientated studies of plant productivity an arbitrary 
temperature threshold is often used to define the growing season, 5.6 °C being 
the most common. Reduction in the length of the growing season is an 
important factor in crop productivity in the uplands (Manley 1945, Anderson 
and Fairbairn 1955, Smith 1984). This occurs with increasing elevation and 
latitude simply as the threshold temperature is reached at later dates in the 
spring and earlier dates in the autumn in cooler climates. Tranquillini (1979) 
reviewed the role of temperature and growing season length in determining 
tree growth near the alpine treeline and concluded that reduction in the time 
available for photosynthesis was of considerable significance.
The concept of a temperature threshold followed by a temperature range in 
which growth is related to temperature has resulted in the widespread use of 
accumulated temperature or heat sums as an index of temperature.
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Accumulated temperature effectively integrates the effect of growing season 
length (time above threshold temperature) with growing season temperature 
(degrees above threshold temperature). It has been shown to be a useful index 
in a wide range of studies including forest growth and production (Mork 1960, 
Farr and Harris 1979, Sarvas 1965, 1966, Stomberg and Tegnhammar 1985), 
climatic classification (Birse and Dry 1970), shoot growth (eg. Millar 1965, Perala 
1985) and the timing of phenological phenomena (Perala 1985).
A major problem facing researchers is the lack of meteorological data for 
remote areas. One way of overcoming this is by extrapolation of standard 
meteorological data from recording stations to intervening areas. This is 
standard practice in meteorological, geographical and certain plant-ecological 
studies. Extrapolated meteorological data have been used in a variety of studies 
of forest growth (eg. Mikola 1962, Hughes 1979, White 1982a, Hunter and 
Gibson 1984) including computer simulation models of growth (Running 1984). 
Data are most commonly extrapolated spatially but altitudinal extrapolation may 
also be used for factors such as temperature which show reasonably 
consistent relationships with elevation (Smith 1984).
Extrapolated data are subject to errors from a number of sources the most 
important of which are:
1. Errors arising from differences in site characteristics between 
meteorological stations and the intervening sites, particularly 
differences in aspect and slope.
2. Errors arising from the process of spatial extrapolation. Despite 
the use of computers which make spatial interpolation relatively 
simple, different solutions are arrived at according to, for 
example the number of data points which are included in the 
calculation for any particular interpolated point.
3. Errors arising from the application of standard lapse rates 
irrespective of location and time of the year.
The altitudinal extrapolation of temperature data generally entails the 
application of a standard lapse rate, the most commonly quoted of which for 
Great Britain is 0.6 °C per 100 m (Bendelow and Hartnup 1980, Birse and Dry
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1970, Francis 1978, Smith 1984). Lapse rates in Britain and elsewhere have been 
reviewed by Grace (1977), Hughes (1979) and Smith (1984). Lapse rates vary 
with both location, time of the year and time of day. One of the obvious 
trends in Britain is for lapse rates to be highest in the spring (Manley 1945). 
Unfortunately insufficient data are available for regional or temporal variations 
to be taken account of in studies covering wide areas.
4.1.1.4 Temperature and the occurrence of treelines.
A correspondence between the occurrence of treelines and a summer 
temperature of about 10 °C has been known about for a long time and has 
become an ecological "rule of thumb" (Schroter 1912, Tourney 1947, 
Daubenmire 1954, Grace 1977). The mean summer tetratherm (ie. the mean 
temperature of the four warmest months), the mean temperature of the two 
warmest months and the mean July temperature have all been related to the 
position of the treeline in various parts of the world and for various tree 
species. Tourney (1947) reported that forest growth begins to become scrubby 
when the summer tetratherm is 10 °C (ie. the lower limit of the alpine 
ecotone), whereas most other authors have generally concentrated on the 
upper limit of the alpine forest ecotone and related this to the mean July 
temperature. Although the correlations are good on a geographical scale, 
considerable variation exists when the data are examined more closely 
(Schroter 1912, Grace 1977). For example Schroter (1912) reported that the 
limit for European larch and Mountain pine in the Bernina district of Switzerland 
corresponded with a mean July temperature of only 8 °C.
In Scotland Schroter (1912) calculated that the limit for birch on Ben Nevis 
(2110 feet) corresponded with a mean July temperature of 9.75 °C and stated 
that this corresponded well with the limit for birch in the Alps (9.67 - 10 °C). 
Spence (1960) noted a correspondence between mean June - July 
temperatures of 10 °C and the highest elevation occurrences of natural trees in 
mainland Scotland and in Shetland. Millar (1984) also reported a 
correspondence between the highest occurrence of planted trees and the mean 
temperature of the four warmest months in Scotland. The combined evidence 
from many part of the world points to the overriding importance of summer 
temperatures for the growth of trees at sites near the treeline (Grace 1977).
71
4.1.2 The effect of wind on tree growth.
Wind affects the growth rates, morphology and form of trees and other 
plants (Grace 1977). Reductions in growth rates as the result of wind have 
been noted in forest plantations (Booth 1976), in forest experiments (Fourt 
1968, Thompson 1984) and in laboratory and wind tunnel tests (eg. Larson 
1965, Rees and Grace 1980a, Dixon 1982). Until relatively recently, the effects of 
wind on tree growth have received remarkably little sustained research effort, 
even in temperate oceanic climates where wind is known to be a potent 
environmental factor.
4.1.2.1 The effect of windspeed on photosynthesis.
Reductions in plant growth rates due to the influence of wind are 
considered to result mainly from restriction of the rate of photosynthesis 
(Grace 1977, Tranquillini 1979). The two major mechanisms thought to be 
responsible for this are:
1. The lowering of leaf temperatures.
2. The induction of stomatal closure.
The temperatures of leaves exposed to radiation are normally higher than those 
of the surrounding air. This leaf to air temperature difference is generally 
greatest in large leaves, when adsorbed energy is high and when windspeeds 
are low (Warren-Wilson 1957, Jarvis et al. 1976, Grace 1977). Even in conifer 
needles considerable differences occur. For example Tranquillini (1968) found 
that mean monthly leaf temperatures of Pinus cembra growing at 2000 m at 
the alpine timberline exceeded mean air temperatures by about 2 °C. The 
corresponding mean maximum leaf temperatures exceeded mean maximum air
temperatures by as much as 8 °C. Such differences obviously have fairly
orv dramatic effects A the ability of plants to photosynthesise and grow, particularly
on cool sites.
Wind acts to disturb the boundary layer adjacent to the leaf surface and so 
increase the rate of convectional heat loss (Grace and Dixon 1984). The 
decline in leaf to air temperature difference occurs rapidly with increasing 
windspeed. Leaf temperatures significantly higher than ambient air 
temperatures are generally only maintained at windspeeds lower than about 3 
ms-1, the value of the difference being determined largely by the level of
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irradiance (Jarvis et al. 1976). As Grace (1977) points out windspeeds of this 
order probably occur relatively frequently within tree canopies. Alien (1985) 
was able to demonstrate that different leaf temperature levels existed on 
windward and leeward sides of Sitka spruce crowns and was able to link this 
with differential growth rates on each side of the trees.
The closure of stomata due to wind may occur as the result of increased 
vapour pressure gradients which are established when the boundary layer is 
disturbed and/or as a result of impaired leaf water status (Dixon 1982, Grace 
1977). The tendency for transpiration to increase when the boundary layer is 
disturbed by wind is offset to a certain degree by associated lowering of leaf 
surface temperature which tends to reduce transpiration rates (Grace 1977). 
Although considerable variation exists in the transpirational response of trees 
to increasing windspeed, an increase in transpiration is often observed for a 
period before increased stomatal resistance causes rates to decrease (Satoo 
1962, Tranquillini 1979). In some genera (Picea, Pinus, Sorbus, Rhododendrort), 
Tranquillini (1969) demonstrated a decrease in relative transpiration over a 
range of windspeeds from 0 to 20 m s' 1 . Increasing stomatal resistance also 
causes photosynthesis to decrease (Grace 1977). Tranquillini (1969) noted a 
general decrease in photosynthesis with increasing windspeed for a range of 
species of tree and shrub and attributes this largely to impeded CO 2 uptake. 
Grace (1977) gives numerous examples of the same phenomenon for both crop 
and natural plants. However without simultaneous observations of stomatal 
resistance it is difficult to attribute the reduction in photosynthesis to specific 
causes.
4.1.2.2 The effect of wind-shaking on tree growth.
Reduced growth due to shaking have been noted in several plant species 
including trees and have been reviewed by Grace (1977). Neel and Harris 
(1971) demonstrated that the shaking of Liquidambar trunks for only 30 s daily 
was sufficient to reduce height growth by 70 - 80 per cent. Rees and Grace 
(1980a, 1980b) showed that shaking of Pinus contorts seedlings for 24 minutes 
daily reduced extension growth by 20% and a similar reduction was achieved 
by subjecting seedlings to windspeeds of 7 m s' 1 in a wind tunnel. The 
mechanism responsible for such effects is unknown, though links between 
mechanical stimuli and increased respiration rates are possible (Grace 1977).
73
4.1.2.3 The effects of wind on the morphology and form of trees
Wind induces changes in the morphology and form of trees by both direct 
mechanical action and its effect on physiological processes. On high elevation 
sites such effects include abrasion of leaf/needle surfaces, loss of leaves and 
needles and the deformation of shoots, twigs and branches (Grace 1977, Alien 
1985), and the induction of shrubby growth habits (Grace 1977). In plantations 
in Britain such symptoms are rather loosely described as exposure damage. 
Alien (1985) showed that loss of needles occurred due to the direct mechanical 
damage and that deformation of the branches and crowns was due to 
temperature-induced differential growth rates and the lignification of shoots 
displaced by wind action. High wind may also cause the loss of branches and 
shoots in trees. Hughes (1979) estimated that between 5 and 30 per cent of 
Sitka spruce trees lost their leading shoots annually on an exposed site near 
Aberdeen, Scotland. Wind also causes morphological changes to occur in the 
leaves of plants, these changes often being similar to those promoted by 
adaption to drought (Grace 1977).
Wind also affects the form of tree stems causing an increased ratio of 
radial to height growth (Jacobs 1954, Larson 1965) and eccentricity of the stem 
cross section (Skinnermoen 1969, Malcolm and Studholme1972). For example, 
Larson found that the stems of Larix laricina which were free sway, became 
more strongly tapered than the stems of trees which were stayed. The 
mechanisms responsible for initiating the cambial activity which leads to such 
a downward distribution of stem dry matter are unknown, though it seems 
likely that it they are responding to mechanical stresses.
4.2 Estimation of indices of temperature and wind-climate for the 
experimental sites.
4.2.1 Choice of indices.
The aim of including temperature and wind-climate in this study was to 
take the investigation one step nearer the physiological processes governing 
growth. Traditionally, studies of the relationships between tree growth and site 
variables in Britain have relied on geographical or topographic factors to 
describe the effects of climate (eg. Page 1967, Malcolm 1970). It was felt that 
the modest step nearer the growth processes of plants made by using carefully
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chosen extrapolated meteorological data rather than geographical a
nd 
topographical factors may help to provide a clearer insight into the facto
rs 
which influence the growth of trees on exposed sites. Some prelimina
ry 
evidence which indicates that the geographical pattern of decreasi
ng 
productivity with increasing elevation is similar to known patterns of windine
ss 
and temperature has been presented in Chapter 3. The following section
s 
describe work which was carried out to establish quantitative relationship
s 
between yield class and data describing the temperature and wind-climate 
of 
the experimental sites.
The indices were chosen to fulfill the following criteria:
1. They had been shown to be related to tree growth or productivity 
in previous studies.
2. They were derived from sources which had a reasonable coverage in 
Scotland and northern England (eg. meteorological stations).
3. A reasonable basis existed, or could be established, for the
extrapolation of values to give estimates for the individual sample 
plots.
Based on this the following indices of temperature and wind-climate we
re 
chosen:
1. Mean annual accumulated air temperature above 5.6 °C (day °C).
2. Mean air temperature for the period June - September (°C).
3. Tatter rate (cm 2 day" 1 ).
Mean annual accumulated temperature was chosen because relationships 
between forest productivity and temperature had been demonstrated using th
is 
index (see section 4.1.1). Mean air temperature of the four warmest mont
hs 
(June - September) was included because of its correlation with the limits 
to 
high forest growth (Tourney 1947). Tatter rate was included because tatt
er 
data represent the only widespread data available describing the wind-clima
te 
of remote upland areas and because of its frequent use in determining upp
er 
planting limits in Britain.
Estimates of the above indices adjusted to sea-level were also calculated
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and proved to be useful measures for describing geographical distribution of 
the temperature and wind-climate. For certain preliminary analyses the data 
were stratified by "windzone". Windzones comprise a rough regional 
classification of wind-climate frequently used for forest management purposes 
(see Miller 1985). A wind zone map is given in Appendix 10.
The following sections describe the methods used to make estimates of 
these indices for the individual sample plots.
4.2.2 Estimation of mean accumulated temperature.
Values of mean accumulated temperature above 5.6 °C were estimated for 
71 meteorological stations in Scotland and northern England from data given 
by Birse and Dry (1970) and Bendelow and Hartnup (1980). They calculated 
values from meteorological records of monthly mean temperature and the 
standard deviation of the monthly mean temperatures using a procedure 
developed by Thorn (1954) and Shellard (1959). As well as giving values of 
mean accumulated temperature for the elevation of the stations, they also 
calculated values for 100 m intervals above, and where appropriate below the 
level of the station using a standard lapse rate of 0.6 °C per 100 m .
In the present study a function was calculated for each station based on 
these data, which described the change in accumulated temperature with 
elevation. A very close fit was obtained using the quadratic function:
Ace. Temperature = a - b(elevation) + c(elevation 2) 
r2 = 98-100%
The values of (a) above are the sea-level values of mean accumulated 
temperature for each station. These are given for all the meteorological 
stations in Appendix 4, and computer interpolated contours (isotherms) based 
on these values are shown in Figure 13. The values of (b) and (c) were similar 
for each station varying between 1.50 and 1.75 in the case of (b) and 0.0004 
and 0.0006 in the case of (c). The values of (b) and (c) were plotted on maps 
but no geographical pattern was apparent. The values for each plot were 
therefore obtained by taking the appropriate sea-level values for each site from 
Figure 13 and applying the equation above with the values of (b) and (c) at 
average levels ( -1.65 and 0.0005 respectively). The sea-level values for each 
site and the values for each plot are shown in Appendix 1.
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ACCUMULATED TEMPERATURE > 5.6° C 
ADJUSTED TO SEA-LEVEL
+ meteorological stations 
1200
Figure 13. Sea-level values of mean annual accumulated 
temperature above 5.6°C
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4.2.3 Estimation of mean summer temperature.
The values for the mean temperature of the four warmest months were 
estimated from meteorological data for 52 meteorological stations in Scotland 
and northern England (Meteorological Office 1976). For each station the values 
for mean monthly temperature for the appropriate months were taken and an 
average was obtained. These values were then adjusted to sea-level using a 
standard lapse rate of 0.6 °C per 100 m and the sea-level values were 
contour-mapped by computer (see Figure 14). The appropriate sea-level values 
for the fieldwork sites were then arrived at by interpolation using Figure 14. 
Finally, the values for the individual plots were calculated by extrapolating the 
sea-level value to the elevations of the plots using the standard lapse rate.
The appropriate sea-level values for each site and the extrapolated values 
for each plot are shown in Appendix 1.
4.2.4 Estimating tatter rate for the experimental sites.
In previous analyses of tatter flag data carried out by Forestry Commission 
staff only the effects of elevation and geographical location on tatter rate have 
been investigated (Miller et al. 1987). These analyses were carried out by 
sorting the data into groups from different geographical areas, each group 
showing a distinct relationship between tatter and elevation. These 
geographical groups were used along with maps of mean windspeeds to define 
the windzones (see Miller 1985). The windzones were used to give advice to 
forest managers on the risk of windthrow and on the upper limits to 
commercial planting.
Preliminary inspection of the data by the author showed that the 
relationships between tatter rate and geographical location and elevation were 
not close enough to allow prediction of tatter rate from these two variables 
alone. For example, stratification of the data according to windzone and 
calculation of regression lines for each windzone gave equations which only 
accounted for 28 - 62 per cent of the variation in tatter rate for the individual 
windzones.
Forestry Commission tatter flag records generally give the following details 
for each tatter flag:
1. Annual tatter rates for a number of years varying from one to three
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meteorological stations
Figure 14. Sea-level values of mean summer (June-Sept.) 
temperature
79
and a three year mean where appropriate.
2. A six-figure grid reference.
3. Elevation.
4. Information on the relative exposure of the site, usually topex.
5. Aspect according to the eight main compass points.
A total of 1084 tatter flags had been exposed during the period 1957 to 1984. 
Of these, 564 flags on 109 sites had been exposed for the standard three year 
period and had reliable readings (ie. no reports of damage, no sheltering effects 
of nearby plantations). Value for topex and aspect, which were potentially 
useful as predictor variables were missing for about 120 of these flags. These 
missing values were obtained by site visits by the author and Forestry 
Commission staff or by reference to Ordnance Survey maps
In an attempt to find an improved method of predicting tatter rate from 
major site variables, topex and aspect were included in the analysis in addition 
to elevation, and dummy variables were used to estimate the effect of 
geographical location in the same way as described in section 3.2.3. A 
summary of the data is given in Table 5.
The analysis was carried out as an analysis of covariance with elevation and 
topex treated as continuous (metric) variables and aspect and geographical 
location treated as categorical (discrete) variables. The effects of both aspect 
and geographical location were estimated by using dummy variables. In the 
case of aspect ten categories were used, eight for the cardinal points of the 
compass, one for flat sites ("nil" aspect) and one for hilltops ("all" aspects). 
The reference category to which all other aspect classes were compared (see 
section 3.2.3) was hilltop sites. In the case of geographical location, 109 
categories were used, one for each of the tatter flag sites. The most 
appropriate model was found to be:
Tatter rate = 0.0192(elevation) - 0.062(topex) + ("aspect effect") 
+ ("site effect") ...... (8)
The effects of all the factors were significant (P < 0.05 or greater) and the 
model accounts for 76.7 per cent of the variability in tatter rate. 
Transformations of elevation and topex did not give significant increases in
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predictive power.
The values for the "site effects" and "aspect effects" are given in Appendix 
5. They are also shown diagrammatically in Figures 15 and 16 and the patterns 
derived are described in the following two sections.
4.2.4.1 The effect of geographical location on tatter rate.
The values of "site effect" for the 109 tatter flag sites are given in Appendix 
5, and a contour-interpolated map based on these values in shown in Figure 
15. The values range from about 2 cm 2 day" 1 in inland areas to about 12 cm 2 
day" 1 in western coastal areas. The values of "site effect" have been adjusted 
to give values of tatter rate when all other factors are set to zero (ie. rather 
paradoxically ; at sea-level, on a hilltop with a topex value of zero !) and can 
be regarded as tatter rate adjusted to sea-level. The geographical distribution 
of "sea-level tatter rate" is very similar to the pattern of wind zones (see 
Appendix 10), showing the highest values in northern and western coastal
_ •
areas. The pattern shown would appear to give a satisfactory basis for the 
estimation of tatter rates from the model 8.
The pattern shown in Figure 15 differs from the pattern of windzones in 
two main ways. Firstly, the effects of geomorphic shelter (topex) and aspect 
have also been estimated in the analysis, so that variation from these sources 
is excluded from the estimation of the effect of geographical location. This is 
important, because if, for example, a site shows low tatter rates because of its 
topographic position (eg. east facing and/or high topex value) it would normally 
have been placed in a sheltered windzone irrespective of whether it was 
located in an otherwise more exposed region. Although areas of high 
geomorphic shelter tend to occur in "sheltered" windzones and areas of low 
geomorphic shelter in "exposed" windzones, this is not always the case. Such 
aberrant sites have occasionally caused difficulties when drawing up the 
windzone boundaries using traditional methods and in a few cases have led to 
the omission of data (Miller, K. pers. comm.). The covariance analysis carried 
out above effectively discriminates between low (or high) tatter rates caused by 
geographical location and low (or high) tatter rates caused by geomorphic 
shelter. This effect has led to a few subtle differences between Figure 15 and 
the pattern of windzones.
Secondly the contours have been arrived at mathematically, taking account
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of the nearest 24 data points when calculating the interpolated values, rather 
than being arrived at manually, with reference to usually only the nearest two 
or three values.
4.2.4.2 The effect of aspect on tatter rate.
The values of the "aspect effect" coefficients are given in Appendix 5, 
varying from 0.00 cm 2 day' 1 (hilltop) to -2.33 cm 2 day" 1 (east facing). Figure 
16 shows the values of the "aspect effect" coefficients for the main compass 
points in terms of their deviations from the average value for all 8 compass 
points and compares this pattern with the solution provided by geometrical 
functions (see below). The pattern is clearly sinusoidal with east-facing 
aspects showing lower values of "aspect effect" than west facing ones (ie. east 
facing sites being more sheltered than west facing ones). The coefficient (ie 
"aspect effect") for west-facing sites is slightly aberrant with its value being 
below that expected from a sinusoidal pattern.
Investigation of the effect of aspect was also carried out using trignometric 
transformations. This was done by carrying out a regression analysis similar to 
equation 8 above but replacing the dummy variables for aspect with the terms 
sineS and cosineS, where 6 is the angle of aspect measured clockwise from 
north. Level and hilltop sites were excluded from the data set. The model 
used was:
Tatter rate = a +b 1 (elevation) - b2(topex) + ("site effects") + 
b 3sin9 + b4cos6 ...... (9)
The inclusion of both sine and cosine functions allows the angle of maximum 
amplitude (tatter rate) to take any value between 0 and 360 degrees. The 
values of b3 and b4 were -0.64 and -0.121. The resulting function is plotted in 
Figure 16 for comparison with the dummy variables. The angle of aspect 
associated with maximum exposure to was about 11 degrees south of west. 
This corresponds well with the direction of maximum windrun in Britain (Manley 
1952) and confirms that tatter flags are sensitive to the aspect of the site.
4.2.4.3 Prediction of tatter rate for the sample plots.
Tatter rate was estimated for all the plots surveyed in this study using 
model 8. Values of "site effect" (ie. sea-level tatter rate) were interpolated 

























































































































































































provided by the dummy variables. The confidence limits for prediction applied 
to a specific site were ±1.1 - 1.7 cm 2 day" 1 for the regression model (mean 
values of y for specific combinations of x-values) and ±3.3 - 3.7 cm 2 day' 1 for 
a single observation. The mean error of a single observation from the "true" 
value can be given by multiplying the standard error of the predicted Y-value 
by the ratio:
(2/TT) 2 (Moran 1968)
This gives values of ±1.3 to 1.5 cm 2 day' 1 for single new observations on a 
specified site. There is also an unquantifiable component of error associated 
with the interpolation of values of sea-level tatter rate from Figure 15. Such 
errors are associated with all meteorological data derived from maps. Despite 
these errors estimates of tatter rate made using model 8 probably represent 
the best data available for describing the windiness of upland forest sites in 
Britain.
4.2.5 Description of sample plot climatic data.
The main statistical characteristics of the climatic variables assessed are 
given in Table 6. For a full description of the data describing productivity, 
topographic and soil characteristics of the sites see section 5.1
The mean elevation of the plots was 366 m and ranged from 40 to 650 m. 
The mean value of estimated tatter rate was 8.5 cm 2 day' 1 with a maximum of 
14.4 cm 2 day' 1 . The current prescriptions for planting limits are 12-14 cm 2 
day' 1 . The mean value summer temperature was 11.3 °C with a minimum 
value of 9.5 °C. A minimum value of 10 °C is usually associated with natural 
treelines. Accumulated temperature at sea-level varied from 1190 to 1610 
day-degrees C with a mean level of 1505 day-degrees C. The values of 
accumulated temperature for the plots varied from 560 to 1374 with a mean of 
977 day-degrees C. Topex varied from 1 - 130 with a mean value of 52.4.
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Table 6. Mean, range and dispersions of climatic and topographic 





























































4.3 Effect of temperature and wind-climate on the productivity of 
Sitka spruce.
4.3.1 Comparison of site-to-site variation in yield class with variation 
in climatic variables.
A visual impression of the similarities between the geographical pattern of 
the variation in yield class and the temperature and wind-climate of the sites 
can be gained by comparing Figure 8 with Figures 13 (sea-level accumulated 
temperature), 14 (sea-level summer temperature) and 15 (sea-level tatter rate). 
The "site effects" shown in Figure 8 are independent of the effect of elevation 
and are therefore directly comparable with Figures 13, 14 and 15. The 
similarities between the patterns were analysed statisically by relating the 
values for "site effect" in model 3 to values of sea-level temperature and tatter 
rate for each site as derived from Figures 13, 14 and 15. These values are 
listed as part of the site data in Appendix 1 . The relationships were as follows:
Site effect = 13.1 - 1.93(tatter s.l.) r2 = 73.5% ... (10)
Site effect = -40.1 + 0.0284(acc. temp, s.l.) r2 = 57.3% ... (11)
Site effect = -90.2 + 6.87(summer temp, s.l.) r2 = 61.8% ... (12)
The relationship between "site effect" and "sea-level tatter rate" was 
surprisingly close (r2 73.5% - Figure 17), demonstrating that wind-climate is 
indeed a powerful factor in determining levels of productivity on upland sites. 
Sea-level temperature values were also strongly correlated with "site effect", 
but rather less closely than wind-climate (r2 57.3% to 61.8% - Figure 18). The 
best two-variable model which included the effects of both wind and 
accumulated temperature was:
Site effect = -13.9 - 1.44(tatter s.l.) + 0.0165(acc. temp, s.l.) 
r2 87.8% .......... (13)
Both wind-climate and temperature were significantly related to "site effect" (P 
< 0.001), demonstrating that both factors are important in determining the 
overall levels of productivity on upland sites. The relatively high r2 values are 
partly due to the fact that this form of analysis deals exclusively with variation 
between sites and ignores within site variation.
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related directly to the GYC at each site by calculating a regression between 
mean site GYC and mean site elevation, sea-level tatter and sea-level 
accumulated temperature. This essentially combines model 8 and model 13 
above.
Mean site GYC = 14.2 - 0.316(mean elevation) - 1.09(tatter s.l.)
+ 0.0119(acc. temp, s.l.) ........ (14)
r2 = 77.7%
This model shows the separate effects of mean site elevation and the 
sea-level estimates of temperature and windiness on mean site GYC. Model 
14 effectively states that an increase in elevation of 100 m is associated with a 
decrease in GYC of 3.2 m 3 ha' 1 yr" 1 , an increase in tatter rate of 1 cm 2 day" 1 
due to geographical location is associated with a decrease in GYC of 1.09 m 3 
ha~ 1 yr~ 1 and a decrease in accumulated temperature of 100 day °C due to 
geographical location is associated with a decrease in GYC of 1.19 m 3 ha' 1
The 95 per cent confidence limits associated with this model were ±0.62 m 3 
ha' 1 yr' 1 for the regression line and ±3.3 m 3 ha" 1 yr' 1 for a single site with 
mean values of the x-variables. The average error (estimated GYC - "true" 
GYC) for a single site can be estimated by multiplying the standard error of the 
predicted GYC values by the ratio:
Average error = (2/ir)' 2 S.E. (Moran 1968)
For a site that had the mean values of the x-variables, the mean error is 
estimated to be ±1.3 m 3 ha" 1 yr~ 1 . This assumes that the sea-level 
meteorological variables are estimated without error. These results show that a 
model including elevation and sea-level estimates of tatter rate and 
accumulated temperature would probably form a satisfactory basis for 
predicting GYC from site factors.
4.3.2 Correlation analysis.
The relationships between GYC and the estimates of the temperature and 
wind-climate for the individual plots were investigated by correlation analysis. 
The correlation matrices are shown in Tables 7 and 8 . Values are given for two 
data sets:
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1. The complete data set (188 plots).
2. Those plots having received standard modern silvicultural 
practice (drainage, ploughing, fertilising - 142 plots).
This separation was done in an attempt to remove silvicultural treatment or 
lack of it as a possible source of variation. It proved to be a useful subdivision 
of the data, particularly for subsequent regression analysis, with younger, 
cultivated crops generally showing higher yield classes and less variability than 
older, uncultivated ones.
Yield class was significantly correlated with the following factors: elevation, 
summer temperature, accumulated temperature, tatter rate, and cosine and sine 
of aspect. The strongest correlations were with the estimates of temperature 
and windiness, all of which showed higher r-values than did elevation. The 
correlations between GYC and cosine and sine aspect were both positive, 
indicating that the highest values of GYC are found where values of sine and 
cosine are both positive (0 - 90 °) as opposed to the sector 180 - 270 degrees 
where sine and cosine values are both negative. This shows that GYC values 
are highest on sheltered north and east-facing aspects rather than south and 
west-facing ones. The corresponding values for the relationships between 
aspect and tatter rate were both negative (and significant) reflecting the higher 
tatter values on south and west-facing slopes as expressed by the tatter model 
(model 8).
GYC was not significantly related to windzone or any of the sea-level 
values of temperature or tatter. This is because GYC was strongly correlated 
with elevation and the elevation of the plots varied systematically with respect 
to region. Plots in windy or cold regions tended to be at low elevations and 
those in sheltered regions tended to occur at high elevations. The result of 
this was that GYC values for the different regions were broadly similar.
GYC was significantly positively correlated with topex in the matrix for plots 
having received standard silvicultural treatment but not for the complete data 
set. Subsequent regression analysis showed that significant relationships with 
topex existed for the complete data set after the effects of other climatic 
factors had been accounted for. Topex was significantly correlated with the 
indices of sea-level temperature (positive), windiness (negative) for the data for 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































higher levels of geomorphic shelter to occur in inland areas.
The estimates of temperature and windiness were generally significantly 
intercorrelated. This was true for the extrapolated values for the plots due 
mainly to the associated relationships with elevation and but also for the 
sea-level values, due to similarities in the geographical distribution of variation 
in wind and temperature.
4.3.3 Regression analysis.
Regression analysis was carried out to quantify the relationships between 
productivity and temperature and wind-climate and to try to identify the best 
models on which to base a system for predicting GYC from site factors. The 
regression equations and their corresponding r2 values are shown in Table 9. 
Separate analysis was carried out for plots having received standard 
silvicultural treatment in an attempt to isolate the effects of site amelioration 
practices.
4.3.3.1 Effect of temperature on GYC.
Yield class was more closely correlated with estimates of temperature than 
with elevation. The r2 values for the relationships between GYC and summer 
temperature and accumulated temperature for all 188 plots were 43.6 per cent 
and 46.6 per cent respectively, as opposed to 36.1 per cent in the case of 
elevation. The relationship between GYC and accumulated temperature for 
plots having received standard silvicultural treatment was closer, with an r2 
value of 53.1 per cent. GYC showed consistently closer relationships with 
accumulated temperature than summer temperature.
The increased r2 levels obtained by using temperature values which are 
linear functions of elevation rather than elevation itself, are due to the 
similarities between the geographical distribution of variation in the GYC values 
and the geographical variation of the estimates of temperature described in 
section 4.3.1.
The relationships between GYC and accumulated temperature and summer 
temperature are shown in Figures 19 and 20. The different symbols used 
indicate the windzone that each plot lies in and as such give a crude estimate 
of the windiness each site. A tendency for plots in windier areas to show lower
94
Table 9. Relationships between GYC and some indices of climate





GYC = 20.3 - 0.0174(elevation)
GYC = -30.4 + 3.93(summer temperature)
GYC = -4.26 + 0.0187(accumulated temperature)
GYC = 21.3 - 0.867(tatter rate)
GYC = -20.8 - 0.0234(elev.) + 3.21(sum. temp, s
GYC = -1.16 - 0.0242(elev.) + 0.0159(acc. temp, s
GYC = 33.1 - 0.0299(elev.) - 1.31(tatter s.l.)
GYC as function of elevation, stratified by windzone
GYC as function of ace. temp., stratified by windzone
GYC = 4.42 - 0.0560(tatter) + 0.0146(acc. temp.)
GYC = 14.0 - 0.0348(elev.) - 1.22(tatter s.l.)
+ 0.0135(acc. temp, s.l.) 
GYC = 17.2 - 0.0354(elev.) - 1.27(tatter s.l.)
+ 0.0119(acc. temp, s.l.) + 0.0386(topex) 
GYC = 15.5 - 0.0334(elev.) - 1.19(tatter s.l.)
-i- 0.0112(acc. temp, s.l.) + 0.0112(topex)
+ 0.880(sin aspect) + 0.717(cos aspect)















-32.3 + 4.12(summer temperature)
-5.63 + 0.0205(accumulated temperature) 
25.8 - 1.25(tatter rate)
-15.1 - 0.0241(elev.) + 2.83(sum. temp, s.l.)
-2.31 - 0.0264(elev.) + 0.0175(acc. temp, s.l.) 
33.8 - 0.0315(elev.) - 1.29(tatter s.l.) 
function of elevation, stratified by windzone 
function of ace. temp., stratified by windzone 




1. ) + 0.0395(topex)
10.2 - 0.0388(elev.) -
+ 0.0175(acc. temp, s,
10.7 - 0.0381(elev.) -
+ 0.0155(ace. temp, s
12.3 - 0.0370(elev.) - 1.19(tatter s.l.)
+ 0.0144(acc. temp, s.l.) + 0.0364(topex)























































Notes; 1. All factors significant at at least 5% level (except "cos 
aspect" in model 39). 
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Figure 20. Relationship between productivity (GYC) and mean summer 
(June-Sept.) temperature
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values of GYC for specific values of temperature is apparent. This is described 
in more detail in section 4.3.3.3.
4.3.3.2 Temperature, treelines and planting limits.
The elevation at which tree growth becomes scrubby is known to 
correspond roughly with the elevation at which the temperature of the four 
warmest months is 10 °C (see section 4.1.1.4). Figure 21 shows estimates of 
the elevations at which a value of 10 °C is reached in northern Britain. These 
vary from 350 m in the far north to 650 m in inland and southern areas. These 
values correspond reasonably well with estimates of the elevation of the 
treeline in the Cairngorms (see Pears 1967,1968). In some areas of western 
Scotland lower levels for the natural treeline are observed (Poore and MacVean 
1957) than those indicated by Figure 21. This is presumably due to the 
influence of wind.
Figure 12 (section 3.3) shows estimates of the elevation of the commercial 
planting limit for Sitka spruce. This also shows values ranging between 300 m 
in the north (and west) and 650 m in inland and southern areas. Figure 20 
shows that a temperature of the four warmest months of 10 °C corresponds 
approximately with GYC 8. A GYC value of 8 is generally considered to be the 
lowest level of productivity which is economically profitable in British forestry. 
This indicates a certain correspondence between the elevation at which forest 
growth becomes scrubby according to ecological theory and modern upper 
limits to afforestation in Britain. It should be emphasised that GYC 8 represents 
a higher level of productivity than one would expect to occur at the lower limit 
of the alpine ecotone in a natural forest. This means that rather than British 
Sitka spruce planting limits behaving as natural treelines, the level of 
productivity chosen as the acceptable minimum occurs rather fortuitously at 
approximately the same elevation (ie temperature level) as the upper limit of 
high forest growth in natural forests.
4.3.3.3 The influence of wind on GYC. 
Windzone.
Windzone (see Appendix 10 for a wind zone map) proved to be a useful 
factor by which to stratify the data for preliminary investigation of the effect of 
wind on yield class. This is illustrated by Figure 22 in which General Yield Class
97
































































































































































































is plotted against elevation for the data for all the plots, with different symbols 
for the different windzones in which the plots occur. The data were stratified 
according to windzone and the following regression equations were obtained:
Windzone E GYC = 29.0 - 0.033(elevation) r2 - 66.6% 
Windzone D GYC = 22.7 - 0.025(elevation) r2 = 59.8% 
Windzone C GYC - 18.2 - 0.013(elevation) r2 = 15.1% 
Windzone B GYC = 23.8 - 0.041(elevation) r2 = 46.7% 
Windzone A GYC * 16.4 - 0.031 (elevation) r2 = 59.8%
Overall r2 value for the complete data set = 59.3% ... (21)
Stratifying by windzone increased the r2 value from 36.1 per cent (elevation 
only - see model 1) to 59.3 per cent (elevation and windzone). The overall 
value of 59.3 per cent, which is essentially an average value for the degree of 
correlation within windzones (weighted by number of plots per windzone), is 
very similar to the value obtained by Malcolm (1970) using only elevation as a 
regressor for the data from five sites (Bin, Glentress, Glengarry, Balquidder and 
Inverliever). Of these five sites, four were in windzone E and one (Inverliever) 
in windzone C. The relatively high degree of correlation between productivity 
and elevation recorded by Malcolm is probably due to the fact that the sites 
came from areas of similar windiness. It is apparent that such simple 
relationships do not apply for wider areas, and some sort of stratification 
according to geographical location is desirable, such as that provided by 
windzones. The relatively poor correlation for data from windzone C is 
probably due to the particularly diverse nature of the topography and soils at 
the two main forests represented (Arecleoch - rolling, deep peats; Sunart - 
steep and dissected, mineral soils)
A similar trend can be seen in Figure 19, in which GYC is plotted against 
mean accumulated temperature with different symbols for the different 
windzones. When these data were stratified according to windzone the 
following regression equations were obtained:
Windzone E GYC = -11.7 + 0.028(acc. temperature) r2 = 69.3%
Windzone D GYC = -12.3 + 0.027(acc. temperature) r2 = 61.3%
Windzone C GYC = -6.5 + 0.019(acc. temperature) r2 = 32.5%
Windzone B GYC = -10.6 * 0.024(acc. temperature) r2 = 40.2%
100
Windzone A GYC - -10.2 + 0.020(acc. temperature) r2 = 59.8% 
Overall r2 value for complete data set = 62.4% ....... (22)
Accumulated temperature in combination with windzone is marginally more 
closely correlated with productivity than elevation and windzone (r2 = 59.3%).
Estimated tatter rate.
The relationship between yield class and estimated tatter rate for plots 
which had received standard silvicultural practice was the closest for any single 
regressor variable in this study (59 per cent). Models for both data sets which 
included both elevation and sea-level tatter rates also showed reasonably high 
r2 values (58.8% and 59.9% - models 20, 33), with the inclusion of sea-level 
tatter rate adding over 20 per cent onto the r2 value for the model containing 
only elevation. However, contrary to this a low degree of correlation (r2 = 
34.5%) was recorded for the relationship between GYC and tatter rate for the 
complete data set (model 17).
This was apparently due to the relatively poor relationship between GYC 
and estimated tatter on sites where the crops were old (40+ yrs). The 
inclusion of crop age in the relationship increased the r2 value to above 60 per 
cent as shown below:
GYC = 30.6 - 1.37(tatter) - 0.19(crop age) r2 = 62.4% .... (17a)
The highly significant effect of age is probably mainly the result of the lack of 
cultivation acting as a source of variation. In addition, most of these older 
crops occur on sites in very dissected terrain, probably because such early 
plantations were undertaken mainly on sites with a high degree of geomorphic 
shelter. On such sheltered sites tatter flags are thought to operate less well 
than on windy sites (Miller pers. comm.).
Models 17 and 30 (see Table 9) show that GYC decreases by an average of 
0.9 - 1.2 m3 ha' 1 yr~ 1 for an increase in tatter rate of 1 cm 2 day" 1 . The effect 
of geographical variation in sea-level tatter rate is treated separately from the 
effect of elevation in models 20 and 33. These show that (ignoring the effects 
of other factors) an increase in elevation of 100 m is associated with a 
decrease in GYC of about 3 m 3 ha" 1 yr~ 1 and an increase in sea-level tatter 
rate of 1 cm 2 day" 1 is associated with a decrease in GYC of about 1.3 m 3 ha' 1
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4.3.3.4 Combined effect of accumulated temperature and tatter rate on GYC.
General Yield Class was particularly well correlated with accumulated 
temperature and tatter rate combined (see Table 9), with r2 values of 58.8 per 
cent (complete data - model 23) and 77.8 per cent (standard silvicultural 
practice - model 36). For models including sea-level values of temperature and 
windiness together with elevation the r2 values were 66.8 per cent (complete 
data - model 24) and 72.6 per cent (standard silvicultural practice - model 37). 
All the effects in these models are significant (P < 0.05 or greater) and they 
are also logical, decreasing GYC being associated with increasing windiness 
and decreasing temperature.
These relationships illustrate that both the temperature regime and the 
wind climate of upland sites are important in determining tree growth rates. 
Thus "exposure"-can be conveniently described as the combined effect of low 
annual accumulated temperatures and unfavourable wind-climate and its 
effects on the growth rates of Sitka spruce can be quantified by the use of 
standard meteorological data (temperature) and tatter flag records (wind). 
However, it should be pointed out that "exposure" probably also involves the 
effects of other factors such as winter damage, which have not been included 
in this study.
Models 23, 24, 36 and 37 are probably good enough to form the bases for 
predictive models. These results seem to vindicate the use of tatter flags by 
the Forestry Commission, but it appears that for the purposes of predicting 
yield, their accuracy only begins to approach reasonable levels when account is 
also taken of the temperature regime of the sites.
The improvement in predictive power achieved by using temperature as 
well as tatter values reflects the fact that windy sites in coastal areas 
(Hebrides, Caithness, Kintyre) experience considerably higher temperatures than 
correspondingly windy sites in inland mountainous regions (Cairngorms). For 
example, in the Hebrides at 200 m the tatter rate is about 12 cm2 day" 1 and 
the accumulated temperature 1000 day-degrees whereas in the Cairngorms a 
tatter rate of 12 cm 2 day' 1 occurs at about 650 m where the accumulated 
temperature is only about 550 day-degrees. Some recognition of this effect 
has been made by the Forestry Commission with regard to upper planting 
limits by prescribing upper values for tatter of 14 cm 2 day" 1 for coastal areas
1O2
and 12 cm day' 1 in inland areas (Reynard and Low 1984).
4.3.3.5 The relationship between actual tatter rates and GYC.
As mentioned in section 2.4, GYC was assessed on 39 sites where tatter 
flags had been flown prior to planting, so that measured values of tatter rate 
were available. Of these sites, 19 were located at Forestry Commission 
experimental sites, the remaining being located in standard plantations. The 
data for these plots are listed with the other plot data in Appendix 1. The data 
represent sites as diverse as 650 m altitude in the Cairngorm mountains to 200 
m in the Outer Hebrides and near sea-level in Caithness. The relationships 
between GYC and actual tatter rate (and estimated accumulated temperature) 
were as follows:
All plots (39)
GYC = 20.9 - 0.775(Tatter) r2 = 32.7% ... (40) 
GYC = 6.3 - 0.493(Tatter) + 0.0129(Acc. Temp.) r2 = 64.1% ... (41)
F.C. Experiments (19)
GYC = 22.9 - 1.07(Tatter) r2 = 53.1% ... (42) 
GYC = 10.8 - 0.774(Tatter) + 0.0104(Acc. Temp.) r2 = 77.3% ... (43)
The correlations between GYC and tatter rate were lower than anticipated 
(33% and 53%) indicating that the relationship between tatter and GYC is not 
the same for the entire area (Scotland, northern England). However, when 
estimates of accumulated temperature were included considerably improved 
relationships were obtained (64% and 77%). This reflects the modifying effects 
of temperature as described in section 4.3.3.4 above.
4.3.3.6 The effect of geomorphic shelter on GYC.
Yield class is positively related to topex (P < 0.001) in models 25, 26, 38 
and 39, demonstrating increasing levels of productivity with increasing 
geomorphic shelter. This contrasts with the effect of topex on tatter rates 
described in section 4.2.4, indicating that the effect of geomorphic shelter on 
GYC is probably mediated mainly through its effect on site windiness.



















































































































































































































with topex of about 0.13 m 3 ha 1 yr' 1 per 10 topex points. Models based on 
the data from plots having received standard silvicultural practice indicate that 
a change in topex of 10 points is associated with a change in GYC of about 0.4 
m ha~ yr" . The difference in the two estimates arise from the tendency 
described in section 4.3.3.3 above for older slower growing crops to occur on 
sites with high geomorphic shelter. Several transformations of topex were 
tried for the complete data set but none resulted in a significantly improved 
relationship between GYC and topex. Subsequent analysis showed that the 
difference between the two data sets largely disappeared when the effect of 
crop age had been taken into account (see Chapter 5).
4.3.3.7 The effect of aspect on GYC.
Yield class was significantly related to aspect (sine/cosine transformation) 
in both data sets (models 26 and 39). The simultaneous use of sine and cosine 
transformations allows the angle of aspect associated maximum productivity to 
take any value. The sine/cosine functions are plotted in Figure 23 for the two 
data sets and the corresponding effect of aspect on tatter rate as calculated in 
section 4.2.4.2 is also shown. Note that data from 7 plots on level sites were 
excluded from models 26 and 39.
Productivity was highest in the quadrant north to east and lowest in the 
quadrant south to west. This pattern is clearly diametrically opposite to that of 
the effect of aspect on tatter rate, demonstrating that the effects of aspect on 
GYC are probably largely mediated through the effects of aspect on site 
windiness. No tendency for productivity to be greater on south-facing as 
opposed to north-facing slopes, consistent with a possible influence of solar 
radiation, was apparent. Further analysis of the effect of aspect on productivity 
is presented in section 5.3.3.1.
4.4 Conclusions.
1. The pattern of decreasing yield class with increasing elevation 
demonstrated in chapter 3 is closely related to variation in windiness and 
temperature as estimated by tatter rate and accumulated temperature.
2. Correlation and regression analysis of the data from the individual plots 
showed that the productivity of Sitka spruce on upland sites is related to the 
following climatic and topographic factors: elevation, derived sea-level values
1O5
of tatter rate and accumulated temperature, extrapolated values of tatter rate 
and accumulated temperature, topex and aspect (sine and cosine 
transformations). Models based on these factors accounted for 59-71 per cent 
of the variation in GYC for the complete data set and 73-79 per cent of the 
variation for data for plots having received standard silvicultural treatment. 
Productivity was greatest on sites with high levels of geomorphic shelter 
(topex) and on north to east facing aspects. Several models were calculated 
which could act as bases for the prediction of productivity from site variables.
3. For the purposes of predicting GYC on upland sites the term "exposure" 
may be defined as the combination of low annual accumulated temperatures 
and unfavourable wind-climate (high tatter rate) both of which may be 
quantified by spatial and altitudinal extrapolation of standard meteorological 
data (temperature) and tatter flag data (wind-climate). Estimated tatter rate 
and estimated accumulated temperature together accounted for 78 per cent of 
the variation in GYC for plots having received standard silvicultural practice.
4. Forestry Commission tatter flag data can be used to give estimates of 
wind-climate in the uplands where no other data exist. Tatter rate based on 
562 flags was well correlated with the following major site factors: 
geographical location, elevation, topex (geomorphic shelter) and aspect. The 
geographical component of this variation showed a distribution very similar to 
known patterns of windiness including Forestry Commission windzones. Tatter 
rates were highest on sites with low levels of geomorphic shelter and on south 
to west facing aspects. Tatter rate was the single variable showing the highest 
degree of correlation with GYC for plots having received standard silvicultural 
treatment (59 per cent). However its predictive power was reduced in areas of 
high geomorphic shelter (low tatter rates).
5. The elevation of the natural treeline as predicted by the elevation at 
which mean summer temperatures are 10 °C varies between 300 m in northern 
Scotland to 650 m in central and southern areas. This is similar to the values 




PREDICTING PRODUCTIVITY FROM SITE FACTORS.
In this chapter the relationships between productivity and the various site 
factors other than those included in chapters 3 and 4 are described in detail. 
Use is also made of regression techniques to derive regression equations for 
predicting General Yield Class of Sitka spruce from all the estimated site 
factors. Limited use is made of principal component analysis to illustrate some 
of the more complex intercorrelations between the factors. Some effects of 
elevation and exposure on tree form are also described.
5.1 Description of the data.
Frequency distributions for the site variables are shown in Figure 24 and 
some of their means and standard deviations are given in Table 10. Soil depth 
and rooting depth statistics for some of the more remote Forestry Commission 
experiments were not available from their files and statistics relating to these 
variables are based on 167 plots. For description of the climatic variables see 
section 4.2.5.
The mean yield class of the plots was 14.0 and ranged from 27.0 to 6.2. 
The mean value of 14.0 is about 2 m 3 ha~ 1 yr" 1 higher than the national mean 
of 12 usually quoted for Sitka spruce. This is probably partly due to the 
generally favourable soil conditions on many of the sites (sloping valleyside 
sites) and the fact that a high proportion of the crops were relatively young 
and had had modern silvicultural treatment applied. Some surprisingly high 
values of GYC were recorded on low level sites in relatively exposed regions, 
these being probably due to high levels of geomorphic shelter (eg. Ratagan, 
Drumtochty).
Crop age varied from 10 years (only 7 observations in Forestry Commission 
high elevation experiments) to 53 years. The majority of plots were between 
15-30 years old. The values for angle of slope varied from 0 ° to 36 ° with the 
majority of sites having slope values of 5-20 ° . Annual rainfall values spanned 
the range 1000 - 3600 mm yr' 1 with a mean value of 1760 mm.
























































































































































































































































































































































































































gleys followed by flushed peats. Rooting depth varied from 10 cm to over 1 m 
with the lowest values being recorded on peat soils. Soil depths for soils 
other than deep peats varied from 40 cm to the maximum excavated depth of 
100 cm.
5.2 Correlation analysis.
The correlation matrix for the data from all the plots is shown in Table 11. 
A large proportion of the correlations were statistically significant. This is 
partly due to the prior choice of factors, many of which had been shown to be 
related to GYC in previous studies, and partly due to the large numbers of 
sample plots. Two mains groups of highly significant correlations are apparent:
1. Intel-correlations between GYC, elevation, accumulated temperature, 
summer temperature and tatter rate. These have been described in 
detail in chapter 4.
2. Intercorrelations between crop age, topex, slope and rainfall.
The latter set of correlations is the result of a tendency for sites with old crops 
to occur in areas of highly dissected terrain and relatively high rainfall (western 
and central highlands), whilst younger crops occur more frequently on sites 
with less geomorphic shelter and with rather lower rainfall (Caithness, Borders, 
East Scotland). This probably reflects the pattern of early afforestation of the 
uplands in which plantations were generally established only where a relatively 
high degree of shelter existed. Latterly afforestation has taken place in more 
exposed terrain.
Yield class was negatively correlated with rainfall. This is probably due to 
the fact that high rainfall values are generally associated with higher elevation 
sites (note the significant positive correlation between rainfall and elevation), 
which in turn are characterised by low yield class values. Yield class and angle 
of slope were significantly negatively correlated, probably because increasing 
slope angle is associated with increasing elevation. Both slope and topex were 
correlated with windzone illustrating the tendency for "coastal" windzones to 
be associated with low geomorphic shelter and slope values and "inland" 
windzones to be associated with more dissected terrain.
Yield class was correlated with rooting depth though the coefficient (0.15) 
































































































































































































































































































































































































































































































































































relationship between total soil depth and GYC. 
5.3 Multiple regression analysis.
Multiple regression analysis was used to investigate the effects of the site 
factors either singly or in combination and to derive predictive models. 
Dummy variables were used to allow the effects of categorical (discrete) 
variables to be estimated as well as those of metric ones (Nie et al. 1975). A 
description of the use of dummy variables is given in Appendix 9.
One possible problem with multiple regression analysis is in selecting the 
best multiple regression from the large number of equations that it is possible 
to calculate. For example, it is possible to calculate over 1000 different 
regression equations from a data set containing 10 predictor variables. If 
transformations are included the number become practically limitless. 
Difficulties arise in attempting to sort through the calculated regressions in a 
logical fashion whilst at the same time incorporating prior knowledge about the 
relationships which the investigator may have.
One method of arriving at the "best" multiple regression is to use stepwise 
regression techniques. In the following analyses a stepwise procedure was 
used which selects in sequence those variables with the highest F-statistics, 
rejecting those whose values fall below 4 at any point in the calculation 
process. This means that the effects of all the variables are significant (P < 
0.05 or greater). Other methods (algorithms) are available which would not 
necessarily lead to the same end result. One disadvantage of stepwise 
techniques is that many models will be calculated and in the process, 
combinations of variables may be chosen which are well correlated with the 
dependent variable but appear illogical to the investigator (Mead and Curnow 
1983). Also sets of dummy variables cannot be treated in the same way as 
single variables and therefore cannot be included. Stepwise techniques are 
powerful exploratory tools but the results should not be regarded as unique 
correct solutions but rather as bases from which to direct further analysis.
5.3.1 Strategy for multiple regression analysis.
Multiple regression analysis was carried out with the aim of deriving 
models which accounted for the greatest proportion of the variation in GYC, in 
which all the effects of the predictor variables were significant (P < 0.05 or
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greater), were logical and gave a reasonably complete picture of the properti
es 
of a forest site. The strategy adopted was as follows:
1. To use stepwise regression techniques to find the suitable models 
which describe:
a. the change in GYC with increasing elevation and the geographical 
pattern of this relationship, making use of the relationships 
between GYC and climatic factors demonstrated in chapter 4. 
b. the effect of the other quantitative site variables.
2. To investigate the effects of the qualitative (categorical) variables 
by introducing them into the models chosen in 1. above by means of 
dummy variables.
At stage (1) above, the variables included were: elevation, extrapolated 
tatter and temperature values for the plots and sea-level values of estimate
d 
tatter and accumulated temperature, geomorphic shelter (topex), slope, cro
p 
age and rainfall. Stepwise regression analysis was also carried out excludin
g 
the extrapolated values of tatter rate and accumulated temperature. This w
as 
done to provide an alternative form of model in which the effects of pri
or 
assumptions made during the extrapolation process (lapse rates, the effects 
of 
topex and aspect on tatter rate etc.) were largely excluded. Analysis of th
e 
effects of rooting depth, and total soil depth were included in a separa
te 
analysis.
At stage (2) above, the variables introduced were: soil type, aspect, PWD, 
and oceanicity.
As is often the case with survey data, the X-variables listed above are not 
independent of each other. The existence of correlations between th
e 
X-variables does not invalidate the use of multiple regression analysis but
 it 
does mean that problems are encountered in disentangling the effects of t
he 
individual variables. Mead and Curnow (1983) state that multiple regressi
on 
techniques:
"are at their most powerful and useful when there are correlations among 
the X-variables" and that it is the "only technique that takes proper account 
of 
these correlations and dependencies".
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5.3.2 Stepwise regression analysis.
Table 12 shows the results of stepwise regression analysis for both the 
complete data set and the data for the plots having received standard 
silviculture! treatment. The first two variables chosen were estimated tatter 
rate and estimated mean accumulated temperature, which together accounted 
for 59 per cent and 78 per cent of the variation in GYC for the two data sets 
(as described in chapter 4). This is a particularly efficient basic model because 
a large proportion of the variation in GYC is account for by relatively few 
predictor variables. It should be noted that although estimated tatter rate and 
accumulated temperature appear as single variables, they are in fact 
extrapolated from several other factors (see section 4.2.4). This means that 
both of these variables have errors attached to them due to the extrapolation 
process, the magnitude of which are largely unknown.
The next variable included was crop age with coefficients indicating that an 
increase in crop age of 10 years is associated with an average decrease in 
GYC of 0.9 - 1.2 m 3 ha~ 1 yr" 1 . This is presumably a reflection of the effects of 
improved silvicultural practice on crop productivity over the age range of the 
crops surveyed (planted 1935-1970). Estimated tatter rate, accumulated 
temperature and crop age together accounted for 72 per cent and 79 per cent 
of the variation in GYC, which is fairly high for a three variable model.
The fourth step in the case of the complete data set included the effect of 
angle of slope, this appearing as the fifth step for plots having received 
modern silvicultural treatment. GYC decreased by 0.6 - 0.9 m 3 ha" 1 yr" 1 for 
every 10 degrees increase in slope angle. The fourth step in the case of plots 
having received standard silvicultural treatment included a further negative 
effect of increasing site windiness (sea-level tatter value). This is rather 
illogical considering that this effect is already included in the estimates of 
tatter rate and this variable was excluded in further analyses. The four variable 
models (44; and 45 recalculated excluding sea-level tatter rate) accounted for 
74 per cent and 80 per cent of the variation in GYC for the two data sets.
Stepwise regression analysis was also carried out excluding the 
extrapolated values of tatter rate and accumulated temperature for the plots 
(Table 13).
The first variable chosen was elevation, followed by sea-level tatter rate
114




























































































































































































































































and sea-level accumulated temperature values. This gives a simple basis for a 
model, with GYC declining at about 3.6 - 3.9 m 3 ha" 1 yr" 1 per 100 m increase 
in elevation, by 1.27 m 3 ha' 1 yr~ 1 for every 1 cm 2 day' 1 increase in sea-level 
tatter rate and by 1.2 -1.6 m 3 ha' 1 yr' 1 for every 100 day-degree decrease in 
sea-level accumulated temperature.
The fourth step included the effect of geomorphic shelter (topex). An 
increase in topex of 10 points is associated with an increase in GYC of about 
0.4 - 0.5 m 3 ha" 1 yr' 1 . The fifth step included the effect of crop age, with GYC 
decreasing by about 0.9 - 1.1 m 3 ha' 1 yr" 1 for every 10 yrs increase in age. All 
the effects described above are apparently logical and between them account 
for a reasonably high proportion of the variation in GYC (71 - 79%).
Models 44 and 46 (complete data set) and 45 and 47 (plots with standard 
silviculture) were selected for inclusion in further analysis.
5.3.2.1 The effect of soil depth and rooting depth.
Stepwise regression analysis was carried out for the data set of 167 plots 
for which complete records of soil and rooting depth were available. The 
techniques and variables included were identical to those in section 5.3.2 above 
but also included rooting depth and total soil depth. The only significant 
relationship demonstrated by stepwise regression analysis was between GYC 
and rooting depth when analysis was as follows:
GYC = 17.3 - 0.035(elevation) - 1.15(tatter s.l.) + 0.011(acc. temp, s.l.) 
+ 0.029(rooting depth) - 0.094(crop age) + 0.034(topex) ... (48)
The coefficient for rooting depth indicates that an increase in rooting depth of 
10 cm is associated on average with an increase in GYC of 0.3 m 3 ha~ 1 yr" 1 . It 
should be noted that rooting depth could not easily be used as a predictor for 
GYC for the assessment of bare land for planting. Total soil depth was not 
significantly correlated with productivity.
5.3.3 Effect of categorical variables.
The following factors were treated as categorical variables: aspect, soil 
type, PWD (class), Oceanicity (class). These were introduced into the best 
regression models produced by stepwise regression analysis ie. models 44-47. 
The variables were included in the regression models by estimating their
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effects using dummy variables. A description of the use of dummy variables is 
given in Appendix 9. Testing the significance of the effect of including a set of 
dummy variables can be done by summing the sums of squares for each of the 
dummy variables, dividing by degrees of freedom for the dummy variables (n-1) 
and comparing this with the root mean square error of the model, as for a 
standard f-test.
The equations derived are shown in Table 14 and 15 and the coefficients 
for the categorical variables are illustrated in Figures 25 and 26. Tables 14 and 
15 give the deviation of coefficients for each category from the average values 
of the coefficients for all the categories for each equation. This means that 
instead of comparing each category (soil type, aspect etc.) with its appropriate 
reference category, it is compared with the average of all categories. Thus the 
coefficients for the categories given in Tables 14 and 15 give estimates of the 
deviation from average in m 3 ha~ 1 yr~ 1 associated with each category. For 
example according to the analysis carried out using model 49, the effect of an 
east-facing aspect is to increase GYC by 1.49 m 3 ha" 1 yr' 1 whereas that of a 
south-west aspect is to reduce GYC by 1.00 m 3 ha" 1 yr" 1 . Similarly according 
to the analysis carried out using model 51, the effect of a brown earth is to 
increase GYC by 2.18 m 3 ha' 1 yr' 1 whereas an unflushed peat reduces growth 
by 2.03 m 3 ha' 1 yr' 1 . Figures 25 and 26 show the same effects in graphical 
form for the complete data set.
5.3.3.1 Aspect
The effect of aspect was first estimated by assigning one dummy variable 
to each aspect category (eight compass points, valley bottom sites and hilltop 
sites - see model 49). The coefficients for the compass points varied from 
about + 1.5 on east and north-east facing sites to -1.0 on south-west and 
north-west facing sites. The values for the different aspects are plotted in 
Figure 25 which shows that the pattern is roughly sinusoidal, with the highest 
values generally occurring on east facing sites and the lowest on west facing 
sites. South-east facing sites deviate from this pattern by showing low values 
of productivity (-0.73). Valley bottom sites showed a coefficient of +1.63 and 
hilltop sites -1.80.
A similar pattern is also shown by models 54 and 57 in which the effects of 




Coefficients and R2 values for models including 








































































































TOTAL R2 77.5 76.2 74.7
() figures in brackets indicate illogical values usually due 










































































































































TOTAL R2 77.6 79.3 81.6
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Table 14b, Coefficients and R2 values for models including 











































































Brown earth 1.65 2.38 3.01
Podsol -0.54 -0.86 (-0.68)
Iron pan -0.66 -0.96 -1.14
Peaty gley 0.42 0.21 0.07
S. W. gley 0.89 0.86 1.15
Basin bog -1.92 -1.07 (-1.98)
Flushed peat -0.31 -0.54 -0.77
Unflushed peat -1.72 -1.97 -1.39
Skeletal (2.29) (1.91) (1.17)
soil sig. level ** *** ***
Total R2 % 83.9 83.8 86.6
() figures in brackets indicate illogical values usually due 


















































































































































































































































of categorical variables included is large compared with the number of 
observations, with the result that a number of slightly aberrant values occur.
The effects of aspect were also estimated by separating out level sites 
(valley bottom and hilltop) using dummy variables and applying trignometric 
transformations to the angle of aspect of the remaining sites (see models 50, 
53, and 55). The trignometric function for model 50 is plotted in Figure 25.
The aspect effects shown in Table 14 and Figure 25 show that growth rates 
are higher on sites with easterly aspects than those with westerly aspects. 
These differences were statistically significant (P < 0.001) and increased the r2 
values of the models to 77 - 86 per cent.
Comparison of Figure 25 with Figure 16 shows that the distribution of 
productivity with respect to aspect follows a pattern converse to the pattern of 
windiness (tatter rate). This analysis indicates that wind is the most important 
factor in determining the growth rates of tree with respect to aspect and 
apparently dominates any effect of increased solar radiation which might have 
been expected to lead to increased productivity on south facing slopes.
5.3.3.2 Soil type.
Nine categories were used to estimate the effects of soil type according to 
the Forestry Commission soil classification (Pyatt 1982) ie. brown earths (BE) 
podsols (POD), iron pan (IP), peaty gley (PG), surface water gley (SWG), basin 
bog (BB), flushed peat (FP), unflushed peat (UP), and skeletal soils (SK).
Table 14 and Figure 26 show the effects of the different soil types in terms 
of their associated deviation from average in m 3 ha~ 1 yr~ 1 . These differences 
were significant (0.01 < P < 0.001), despite the inclusion of soil type only 
increasing the r2 values by 2 - 4 per cent.
Reference to Figure 26 shows that the most productive soils are brown 
earths (approx +2 m 3 ha" 1 yr" 1 ) followed by surface water gleys (+1 m 3 ha~ 1 
Yr" 1 ). Podsols, iron pans and peaty gleys all gave values close to average. 
Basin bogs gave values of about -1.5 m 3 ha" 1 yr~ 1 but these were based on 
only two observations. Flushed peats showed values around -0.5 m 3 ha" 1 yr" 1 
and unflushed peats values around -2 m 3 ha' 1 yr" 1 . Skeletal soils give, 


























































based on very few observations. The total range ie. from +2 to -2 m ha" 1 yr" 1 
does not appear to be very large but it should be remembered that this is 
variation which is accounted for after climatic and some of the topographic 
effects have been included.
5.3.3.3 Potential water deficit.
Potential water deficit (PWD) was included to test for possible detrimental 
effects of either deficient or excessive rainfall on productivity (see section 
2.1.4.3). No significant differences were apparent when the four PWD classes 
were introduced as categorical variables into models 44 and 46 (see Table 15). 
PWD was not included in further regression analysis.
5.3.3.4 Oceanicity.
Oceanicity was included to test for possible effects due to the distribution 
of growing season warmth throughout the year, oceanic climates being 
characterised by relatively long and cool growing seasons in comparison with 
more continental ones (see section 2.1.4.3). Table 15 shows that significant 
differences between the oceanicity classes did occur (P < 0.05), with the 
highest productivity values being recorded in the intermediate "euoceanic" 
class. This result is contrary to view that the productivity of Sitka spruce 
increases as the oceanicity of the climate increases. However the differences 
between the classes were relatively small and increases in r2 values achieved 
by including oceanicity were less than 1 per cent. For these reasons it seemed 
that oceanicity was not a particularly useful variable for explaining the 
remaining variation in GYC and it was not included in further models.
5.3.4 The best regression models.
Multiple regression analysis has demonstrated that the productivity of Sitka 
spruce is related to the following site variables:
1. Climatic - accumulated temperature and windiness. These effects 
are mediated by both increasing elevation and geographical location.
2. Topographic - geomorphic shelter and aspect, apparently through 




Models 51 to 57 (Table 14) include all these effects and account for 75 per 
cent to 82 per cent of the variation in GYC for the complete data set and 84 to 
86 per cent of the variation in GYC for plots having received standard 
silvicultural treatment.
Two basic forms of model can be employed. Firstly the effects of the 
climatic and topographic variables can be estimated by the two variables 
"estimated tatter rate" and "estimated accumulated temperature" (models 52 
and 56). This gives a fairly rational and expedient basis for a model. However, 
the process of extrapolation by which these values are arrived at introduces 
sources of error to the model the magnitude of which are largely unknown. 
Further, estimates of the effect of geomorphic shelter and aspect are included 
solely through their effects on estimated tatter rate. Although there is good 
evidence indicating that the effects of geomorphic shelter and aspect on GYC 
are closely related to their effects on wind conditions, this is obviously an 
oversimplification.
Alternatively models can be developed based on elevation and the sea-level 
values of estimated tatter rate and estimated accumulated temperature (models 
53, 54, 55 and 57). Although there are also errors attached to these values, the 
effects of elevation, geomorphic shelter and aspect can be included 
independently in the subsequent regression analysis, thus largely excluding the 
extrapolation process as a source of error. Models 53 and 55 present the 
effects of the various factors in a way which is easily adaptable for practical 
use and in which all the coefficients are logical (with the possible exceptions of 
the values for basin bogs and skeletal soils which were based on only a few 
observations).
Models 54 and 57 whilst explaining more of the variation in GYC than the 
other models also include several apparently slightly aberrant coefficients due 
to the relatively high number of categorical predictor variables in relation to 
the number of observations. This is particularly true of the model based on 
the data from plots having received standard silvicultural treatment.
Models 52, 53, 55 and 56 were selected as giving the most reliable and 
complete picture of the relationships between the site factors and productivity.
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The regression analyses and analyses of variance for these models are given in 
Appendix 7. The following sections describe assessment of the precision of 
these equations and their validation using a new set of observations.
5.3.5 Confidence Limits.
Confidence limits for multiple linear regressions can be given by the 
following generalised equation:
C.L = Y' ±t/{s2 •»• R/m) ......... (58)
s = standard deviation of fitted y-value
R = residual mean square of regression equation
m = no. of new observations with a specific
combination of x-values to which the
confidence limits are to apply.
Standard texts on regression analysis (eg. Freese 1964, Mead and Curnow 1983) 
often highlight two special cases of this (or similar) equations, namely the case 
when m is equal to infinity and that when m = 1. In the first case, the term 
R/m becomes zero and the confidence limits apply to the estimate of the mean 
y-value for all cases in the population which has been sampled with the 
specified combination of x-values. This is equivalent to the confidence limits 
for the regression equation, the confidence limits giving the range of values 
within which the true relationship lies with a probability of 95 in 100. The 
second case where m=1 gives confidence limits (prediction limits) which apply 
to the predicted y-value of a single new observation. These limits are wider 
than the confidence limits for the regression line because they take account of 
the variation of the individual observations about their mean for the specified 
combination of x-values.
In previous studies of the relationships between productivity and site 
factors the confidence limits calculated on the basis of m=infinity have often 
been applied (eg. Cook et al. 1977, Blyth 1974a), presumably because it was 
considered relevant to give an estimate of the mean productivity and 
accompanying confidence limits for all the land in the sample population with 
specific combinations of x-variables. In the case of this study, prediction of
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the mean productivity for all the land (in Scotland and N.England) is not 
considered to be a relevant consideration as land is generally bought and 
managed in smaller blocks. The estimates of productivity for these smaller 
blocks will have a greater amount of variability attached to them than the 
estimates of mean productivity. Equally predictions based on a single 0.04 ha 
plot are not considered to be particularly relevant because this is a far smaller 
area than any practical management unit.
The picture is further complicated by the fact that some of the residual 
variation in the models may be site-related ie. certain sites (locations) may be 
associated with specific values of error. In this context it should be realized 
that prediction of productivity will almost always be carried out for a specific 
site (location) rather than for areas of land distributed throughout Scotland and 
northern England.
As a first step in deciding appropriate confidence limits for application of 
the best models in a practical context it was assumed that the error variance 
was not site-related. An area of land for which a prediction of productivity is 
required may be considered as an agglomeration of m 0.04 ha plots and the 
appropriate confidence interval can be calculated by applying equation 58 
above. Confidence limits for the "best" regression models (52, 53, 55 and 56) 
were calculated for the cases m=1 (prediction limit for individual observation) 
and m-infinity (c.l. for regression line) with the x values set both at mean 
values and at extreme values (see Table 16). To illustrate the way in which the 
confidence limits change with changing values of m, confidence limits for 
model 53 were also calculated for values of m between 1 and 250 (see Figure 
27).
The width of the confidence limits declined rapidly with increasing values of 
m until by a value of 25 (which is equivalent to an area of one hectare) the 
value is ±1.0 m 3 ha~ 1 yr~ 1 for mean values of X and 1.4 for extreme values of 
X.
The second step was then to test for the existence of a site-related 
component of the error variance which would increase the error of predicted 
values of productivity for specific locations. This was done by fitting a model 
with all the appropriate predictor variables, plus dummy variables for each of 















































































































































































































































































































































































































































































































































































































complete data set (models 52 and 53). The following section describes the 
calculations for model 52 and gives the results for model 53 which were 
calculated in an identical fashion (see Appendix 7 for regression analyses).
The amount of variation accounted for by the set of dummy variables for 
site (location) was calculated and tested against the residual mean square in 
the normal way. The f-value was:
sum of squares (site) 232.95
f = ———————————— = —— = 2.386 (36 and 139 d.f.)
(n-l)RMS 36(3.77)
where n = number of sites
RMS = residual mean square (see Table 16)
The f-value was highly significant demonstrating that a proportion of the 
variance was site-related. This means that the variance can be regarded as 
having a between-site (location) component and a within-site component. The 
between-site component will have a value which can be considered as being 
independent of the number of new observations (m) whereas the within-site 
component will be reduced as m increases in a similar fashion to that 
described in the preceding section. This can be expressed as follows:
Error of predicted Y = Ex + S,2 + S p2/m 
where Ex is the error associated with the estimates of the
coefficients for the predictor variables. 
S|2 is the site related component of error 
S p2 is is the within site error 
m is the number of observations ( = area of land) 
to which the prediction applies
The quantities S,2 and S p2 can be estimated from the analysis of variance from 
model 52 above in the following way:
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SOURCE DF SS MS ERROR MS 
Regression 1 1 
Error
Sites (locations) 36 323.95 8.999 Sp2 + qS,2 
Within sites 140 335.41 2.394 Sp2 
Total Error 176 659.09 3.745
where S,2 is between site error variance 
Sp2 is within site error variance
and q = —— 
k-1
where k = number of sites
Ni = number of plots at i'th site 
From this it is possible to estimate S t 2 as follows:
(8.999 - 2.394) 
S|2 = ———————— = 1326
4.98 
The effective variance on which to base confidence limits is then:
Var Y' = Sf2 + S,2 + S p2/m 
where Sf2 is the standard deviation of the fitted y value (Table 16)
Because the area of land for which any prediction will be made will be 
vastly larger than the size of the original plots, m will always be very large and 
the term S p2/m will be very small and for practical purposes can be ignored. 
Appropriate confidence limits with X values set at mean levels are therefore:
Y' ±t/{Sf2 + S,2}
* 13.9 ±1.96/{0.0625 + 1.326} = 13.9 ±2.31
Similar calculations for sites with X-values at extreme levels gave 
confidence limits of ±2.6 m 3 ha~ 1 yr" 1 (see Table 16) . Thus the 95 per cent
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confidence limits for the prediction of GYC for a specific site (aquisition) are 
between 2.3 and 2.6 m 3 ha~ 1 Yr" 1 . The mean deviation of the predicted values 
from the actual values (assuming normally distributed values of Y') can be 
given by multiplying the standard error of the predicted Y value by the ratio:
(2/iT)"2 (Moran 1968)
This gives a value for mean deviation of predicted values from actual values for 
one site (based on mean values of X) of ±0.94 m 3 ha" 1 yr" 1 . The 
corresponding values for extreme X-values are ±1.05 m 3 ha" 1 yr" 1 . This level 
of precision is probably adequate for the models to be of use in practical 
applications in forestry.
5.3.6 Validation of regression models.
Validation of the regression models was carried out by recording values of 
productivity (GYC) and the relevant site factors for 36 new sample plots from 
14 forests in Scotland. The plots were chosen by local Forestry Commission 
research staff to be representative of the growth of Sitka spruce on upland 
sites at various elevations within their regions and to be free from serious 
establishment problems (heather check, frost, waterlogging). The data are 
shown in Appendix 8a. The observed values of GYC for each plot and those 
predicted by models 52, 53, 55, and 56 are shown in Appendix 8b, and are 
summarised in Table 17 and Figure 28 below. Values predicted by the Forestry 
Commission site-yield guide (Busby 1974) are also shown. The relationship 
between actual and predicted GYC for model 53 is shown in Figure 28 and 
corresponding values predicted by Bustfy (1974) are shown in Figure 29. Two 
of the observations were treated as outliers because the GYC values deviated 
widely from predicted values and were considered as unrepresentative (GYC 24 
on deep peat on an exposed site in Caithness, and GYC 9 on a flushed peat at 
200 m at Sunart).
Table 17 shows the mean deviations (actual minus predicted GYC) for the 
single plots, for the forests (with > 1 plot) and for all the plots combined. 
Values are given excluding the two observations considered as outliers. The 
predictions of GYC for the 32 single plots varied from the observed values by 
on average ±1.48 - 1.76 m 3 ha" 1 yr" 1 , those for the 9 individual forests varied 
by ±1.01 - 1.28 m3 ha" 1 yr" 1 and the mean for all the plots differed from the 
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Figure 28. Relationship between observed GYC and predicted GYC 
(model 53)










8 10 12 M 16 18 20 22 21 26 28
PREDICTED GYC
Figure 29. Relationship between observed GYC and values 
predicted by Busby (1974)
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±4.4, ±2.65 and a mean error of - 4.1 m 3 ha" 1 yr" 1 for estimates derived from 
the site/yield guides published by the Forestry Commission (Busby 1974). It 
should be noted that the estimates given by Busby (1974) are for whole 
compartments and therefore contain an intentional element of underestimation. 
Table 17 also gives the r2 values for the regressions of actual GYC on 
predicted GYC. These were close to 63 per cent for all the models, which is 
somewhat lower than the values for the equations from the original data. The 
r2 value for the regression using estimates from Busby (1974) was only 6.8 per 
cent (see Figure 29).
These values of mean deviation for the individual forests are similar to 
those predicted by analysis of the standard error of the regression models (see 
section 5.3.5). Thus for a single location (forest block) the best regression 
models in this study would apparently predict GYC with a mean error of about 
± 1 m 3 ha" 1 yr~ 1 . With the possible exception of the "experienced local 
forester", this represents a considerable improvement over existing methods of 
yield prediction.
5.4 Principal component analysis.
Principal component analysis (PCA) and factor analysis are forms of 
multivariate analysis which have occasionally employed in investigations of 
forest site-growth relationships (eg. Malcolm 1970, Blyth 1974a, Cook 1971, 
Hunter and Gibson 1984). Such techniques have also been employed in 
ecological studies of the relationships between site and vegetation (eg. Gittins 
1969). The advantages cited by users of these techniques include:
1. They provide a useful exploratory technique when correlations between 
a relatively large number of variables are being investigated.
2. They provide a method of reducing a large number of inter-related 
variables to a smaller number of components.
3. The components are orthogonal and can therefore be used in subsequent 
regression analysis.
In the context of site-growth relationship studies the disadvantages of 
these techniques are:
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1. They are very susceptible to changes in scales of measurement.
2. Interpretation of the results for practical purposes can be problematic.
3. It is more difficult to construct predictive models from the results 
than when using regression analysis.
Principle component analysis uses as input the deviations of the values of 
variables from their means, usually in the form of correlation or covariance 
matrices. For this reason the technique is essentially similar to correlation and 
regression techniques. In this study a limited amount of PCA was carried out 
with the aim of presenting the correlations between the variables in a more 
informative fashion and confirming the choice of variables made using 
regression techniques.
Principal component analysis was carried out for the complete data set in 
the following stages:
1. Calculation of a correlation matrix.
2. Calculation of the component loadings, latent roots and the amount 
of variance associated with each component.
3. Regression of GYC against the component scores using stepwise 
regression techniques.
The variables included were GYC, elevation, topex, slope, windzone, 
estimated accumulated temperature, estimated tatter rate, estimated rainfall, 
PWO (class) and oceanicity (class).
Table 18 shows the component loadings, latent roots and the amount of 
variance explained for the components with latent root exceeding a value of 1. 
Component 1, which explains the greatest amount of variation in the data, 
shows high values of loadings for the variables topex, slope, rainfall and PWD. 
The value for GYC is relatively small. This indicates that that the data is well 
separated by these variables but that they are not immediately related to GYC. 
Component 2 shows high values of loadings for GYC, elevation, tatter rate and 
accumulated temperature indicating strong relationships between them. 
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Figure 30. PCA loadings, component 1 against component 2
I4O
oceanicity.
The loadings on component 1 plotted against the loadings on component 2 
is shown in Figure 30, which displays many of the more important results of 
the correlation analysis (see section 5.2) in diagrammatical form. The close 
relationships between topex, slope, rainfall, PWD and age described in section 
5.2 are apparent. The low loadings of these variables on component 2 indicates 
that these factors are relative poorly related to GYC, elevation, tatter rate and 
accumulated temperature. The close relationship between GYC and 
accumulated temperature is apparent as well as negative relationships between 
GYC and elevation, GYC and tatter rate, and temperature and elevation. 
Elevation and windzone are positively related due to exposed areas occurring at 
increasingly high elevation with increasing windzone number.
Figure 31 shows highest and lowest component scores for each of the sites 
for components 1 and 2. This gives a diagrammatic representation of the main 
characteristics of the sites. For example the lowest yielding and highest 
elevation sites are located in the top right-hand corner of the diagram (Queens, 
Torrachilty,) whereas the lowest elevation and highest yielding sites are at the 
bottom left-hand side of the diagram (Ratagan). The sites with high topex, 
slope, rainfall, PWD and age are Glenshiel, Ballachulish, and Sunart, these 
contrasting with sites such as Deer, Rumster, Lewis and Borgie which have low 
values of topex, slope, and age and are relatively dry sites (for this data set). 
This gives a relatively clear picture of the major relationships in the data and 
indicates the characteristics of the different sites which have given rise to 
them.
Stepwise regression analysis was carried out of GYC against component 
scores produced by PCA excluding GYC as a variable. The results are shown in 
Table 19. The first component chosen was component 2 which can be 
interpreted as an expression of elevation, accumulated temperature and 
windiness. The second component was component 3 which includes the effect 
windiness, windzone (positively correlated with GYC) and moisture regime of 
the sites (increasing rainfall being negatively related to GYC). The increase in r2 
values as the different components are included is only modest and this 
analysis certainly does not provide a superior method of constructing models 
to that of regression analysis shown in section 5.3. The choice of variables 






























































































































































































































































































































































































































































































































































































the choices made using regression analysis.
5.5 The effects of elevation on tree form.
Previous studies have indicated that a relationship exists between elevation 
and the height to diameter ratio of trees in windy climates (Malcolm and 
Studholme 1972, Hughes 1979). This is considered to be the result of the 
action of wind both in redistributing stem diameter increment (Hughes 1979) 
and (at least in the case of Sitka spruce in Britain) in causing repeated loss of 
height increment by leader breakage.
In this study there was only a poor relationship between H/D ratio of the 
top height trees arid elevation, with elevation explaining only 11 percent of the 
variation in H/D ratio. The relationship is shown below:
H/D = 65.0 - 0.0254(elevation) R-sqd = 11.1%
A better relationship was obtained between H/D ratio and estimated tatter rate, 
indicating that wind is indeed the main agent causing changes in tree form on 
high-elevation sites. Taper increased from H/D ratio values of about 70 on 
relatively sheltered sites to about 45 on exposed sites. The relationship is 
shown in Figure 32. Height to diameter ratio was also affected by the age of 
the crop, tending to increase with increasing age. The best relationship 
describing the increase in H/D ratio with decreasing site windiness and 
increasing crop age was:
H/D ratio = 51.8 - 1.92(tatter) + 1.17(age) - 0.0139(age)2
R-sqd 58.3%
5.6 The effect of site factors on Production Class and Local Yield Class.
The Production Class system provides a means of applying different top 
height/volume functions when estimating maximum mean annual increment 
(GYC) from the top height of crops. This is intended to take account of 
regional variations in the relationship between top height and tree volume. 
Production Class is applied as a positive or negative adjustment to general 
yield class (giving "local" yield class - LYC), General Yield Class being arrived 
at by using the average top height/volume function. A systematic increase in 
tree taper with increasing site elevation or windiness should be reflected in an 


















































































































































Production Class in this study was arrived at with reference to the 
relationship between the top height and the cumulative basal area production 
of the crop (Edwards and Christie 1981). It was possible to estimate 
production class for 97 of the plots assessed in this survey. These were the 
crops which were unthinned and had top heights greater than 6 m (the 
minimum value for which Production Class functions are given).
Production Class varied fairly widely from plot to plot and showed an 
average value of 0.53 m 3 ha~ 1 yr" 1 . This indicates that the crops surveyed in 
this study have a modestly higher basal area for a given top height than the 
national average, and accordingly a slightly higher standing volume for a given 
top height. Production Class increased with increasing elevation but the 
relationship was not a close one, elevation accounting for 23 percent of the 
variation in Production Class.
Production Class = -3.36 + 0.0109(elevation) r2 = 23.2%
Rather surprisingly the relationship between Production Class and estimated 
tatter rate was very poor tatter rate accounting for only 12.2 per cent of the 
variation in Production Class. Stepwise regression analysis showed that 
Production Class was best related to elevation, stocking (n/ha) and estimated 
tatter rate, but even then the relationship was not close. The relationships 
were positive with all the variables as shown below:
Production Class = -9.02 +0.0075(elevation) + 0.0015(stocking)
+ 0.29(tatter) r2 38.0%
The relationships between Production Class and environmental factors (and 
crop stocking) though present were poor. This is probably because the 
Production Class system is designed to be applied on a regional basis and 
should not strictly be applied to an area as small as a plot. Further it should 
only be applied to fully stocked and preferably older crops. Much of the 
variation in Production Class encountered in this study seems to stem from a 
high degree of variation in basal area growth in the plots, this variability being 
considerably greater than the corresponding variation in height growth of the 
top height trees (ie. GYC). This is because no attempt was made to locate the
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plots in areas of totally even stocking and growth as it was felt that this would 
give an unrepresentative picture of productivity on high elevation sites. As a 
result a high degree of spatial variation in basal area growth and stocking was 
encountered, particularly on the poorest sites and in young crops. This 
manifested itself as small gaps, areas of partially checked growth and in some 
areas very high stocking rates. The poor correlations described above indicate 
that application of the Production Class system to single plots in predominately 
young crops on high elevation sites stretches the system beyond the limits for 
which it was designed.
Local Yield Class for the 97 plots was only poorly correlated with site 
factors. Stepwise regression of LYC on all the site factors included in this 
study failed to give models which explained more than 40 per cent of the 
variation in LYC. These low levels of correlation result from the high degree of 
spatial variation in basal area growth described above.
5.7 Conclusions.
1. The productivity of Sitka spruce on upland sites is related to both 
climatic factors and soil type. The proportion of the total variation in 
productivity accounted for by climatic (and topographic) factors was high 
(70-78 per cent), whereas the contribution due to soil type was very modest 
(2-3 per cent). This probably reflects both the dominating influence of climatic 
factors on upland sites and the effects of site amelioration practices which are 
aimed at removing edaphic limitations to growth.
2. The climatic factors most closely related to productivity were measures 
of site temperature and site windiness. Productivity was apparently unrelated to 
estimates of site moisture status (rainfall and PWD class). Productivity, site 
windiness and site temperature are all closely related to elevation.
3. Productivity was related to the topographic factors topex and aspect, 
high levels of productivity being associated with areas of high geomorphic 
shelter and east facing aspects. This pattern is the converse of the results 
from the analysis of the tatter data (see section 4.2.4) indicating that the 
influence of topography on productivity is largely mediated by its effects on 
wind-climate. The was no apparent evidence of solar radiation causing higher 
levels of of productivity on south-facing as opposed to north-facing aspects.
147
4. Productivity was significantly negatively correlated with crop age. This is 
probably the result of the improved standards of silvicultural treatment on 
growth during the establishment phase of the crops.
5. Soil type was significantly related to productivity, the main soil types 
ordering themselves with respect to productivity as follows: brown earth > 
surface water gley > podsol, iron pan, peaty gley > flushed peat > basin bog, 
unflushed peat.
6. Regression equations were calculated which included climatic factors, 
topographic factors, soil type and crop age. These explained 75-86 per cent of 
the variation in productivity and could be used as a basis for the prediction of 
productivity. Confidence limits for the prediction of GYC for a specific site 
(acquisition) were ±2.3 - 2.6 m3 ha~ 1 yr~ 1 and the mean deviation of predicted 
GYC from actual GYC was ±0.93 - 1.05 m 3 ha" 1 yr" 1 .
7. Comparison of the best models with validation data showed that the 
predictions of GYC for 32 single plots varied from observed values by an 
average of ±1.5 - 1.8 m 3 ha~ 1 yr" 1 , for the 9 individual forests varied by ±1.0 - 
1.3 m3 ha' 1 yr~ 1 and the mean for all the plots differed from the true mean by 
0.02 to - 0.7 m3 ha" 1 yr" 1 . This compares with figures of about ±4.4 , ±2.6 and 
a mean error of - 4.1 for estimates derived from site/yield guides published by 
the Forestry Commission (Busby 1974).
8. Increasing elevation and windiness were associated with increasing stem 
taper. The relationships between site factors and Production Class and Local 
Yield Class were not close due to a high degree of variation in basal area 





The potential productivity of forest land is a concept used to describe the 
maximum rate of production attainable by an area of land over a given period 
of time under the prevailing climatic conditions. In semi-natural forests 
potential productivity may be regarded as the maximum rates of productivity 
which occur naturally (Weetman 1983), but in managed forests the attainment 
of optimal edaphic conditions by cultivation and fertilising is usually assumed 
(Ford 1983).
The theory of potential productivity has largely been developed by crop 
ecologists (Ford 1983) and only relatively recently have attempts been made to 
apply these theories to forests (Jarvis 1981). The potential productivity of 
forest land has been reviewed by Jarvis (1981), Axelsson (1983) and Weetman 
(1983). Estimates of the potential productivity of forest land can be obtained 
either from theoretical consideration of tree assimilation processes or from 
forest growth data (Jarvis 1981). Problems arise in the first method due to 
inadequate knowledge of the quantities involved (Jarvis 1981) and in the latter 
due to the variety of possible quantities and time periods used to describe 
productivity (total dry weight, stem dry weight, volume ; period of maximum 
current annual increment, whole rotation).
It is apparent from previously published growth data that actual growth 
rates generally fall far short of potential growth rates. Jarvis (1981) estimated 
the mean annual and the maximum stem dry weight production of a selection 
of trees and agricultural crops from from various literature sources. The mean 
annual stemwood productivity of British conifers over a rotation length (in this 
case period up to age of maximum mean annual increment) was between 2 and 
4 t ha~ 1 yr~ 1 , with maximum current annual increments of between 7 and 12 t 
ha~ 1 yr~ 1 . The average productivity levels of several agricultural crops in 
temperate zones were similar, being between about 2 and 8 t ha~ 1 yr' 1 . The 
maximum productivity levels of coniferous crops are given as 20 - 50 t ha' 1 
yr" 1 total dry weight production over short periods in the rotation. This is
149
equivalent to about 13 - 33 t ha 1 yr-1 stemwood dry weight production, 
illustrating that actual productivity levels are considerably below potential. 
Ovington (1962) calculated a maximum net rate of current annual productivity 
for British conifers to be 22 t ha' 1 yr~ 1 , with the mean rate for the entire 
rotation of 15 t ha' 1 yr" 1 . This is equivalent to about 17 and 12 t ha" 1 yr' 1 
respectively for stem dry weight.
The value of potential productivity lies mainly in the fact that it can be used 
as a yardstick against which to assess actual productivity (Ford 1983). 
Reductions in productivity from a theoretical maximum can be studied in 
relation to various site conditions or crop treatments. Various such studies 
have been carried out for horticultural crops. For example Black (1964) 
described losses in the productivity of clover which were attributable to 
summer drought, inadequate leaf development in spring and excessive leaf 
development in autumn. From a practical point of view knowledge of the 
potential productivity of forest land could conceivably be used in land-use 
decisions and to resolve some of the long standing problems concerning the 
efficacy of various silvicultural treatments such as fertilising.
Fraser (1970) identified the highest GYC values recorded in Forestry 
Commission sample plots at various elevations, but no systematic attempt has 
been made in Britain to estimate the potential productivity of forest land under 
a range of climatic conditions. In the present study fairly good relationships 
have been demonstrated between productivity and the temperature conditions 
and wind-climate of upland sites. It was decided to try to estimate the 
maximum productivity level attained over a range of climatic conditions by 
identifying the plots showing the highest GYC values for specified conditions 
of climate (ie. specified temperature and wind conditions). This would then 
allow comparison between this theoretical maximum attainable level of 
productivity and those achieved in practice. The effects of various site factors 
could then be expressed in terms of their effect in reducing productivity from a 
theoretical maximum level. These reductions would be independent of the 
main climatic factors affecting productivity (temperature and windiness) but 
would be affected by all the other site and crop factors (particularly edaphic 
factors) known to influence productivity. Thus as well as being interesting in its 
own right, potential productivity also provides a means of segregating out the 
effects of the most important climatic factors from the remaining complex of 
site factors.
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6.2 Calculation of "maximum attained yield class".
Any specific combination of values of accumulated temperature and tatter 
rate will be associated with a mean value of General Yield Class about which 
the observed values in the data will be distributed (in theory normally 
distributed) in a pattern determined largely by the effects of all the remaining 
site and crop factors. The aim of the analysis was to identify those data points 
which showed the maximum yield class values for specified conditions of 
estimated tatter rate and estimated accumulated temperature.
A two-way table was prepared in which the range of values of estimated 
tatter rate and estimated mean annual accumulated temperature were divided 
into suitable cells (Table 20). The following values were recorded for each cell:
1. The highest value of yield class.
2. The value of the residual for the data points in 1. above arrived at 
from a regression of GYC on estimated tatter rate and estimated 
accumulated temperature (ie. model 23 - see Table 9). This provides 
estimates of how far above the mean value of GYC these "maximum 
attained" values of GYC lie.
This table was used as the basis for selecting the plots which were thought 
to represent most closely the highest rates of productivity attainable over the 
range of climatic conditions encountered. No standard statistical procedure 
exists upon which to base such a selection process. It was not possible simply 
to choose those plots with the largest positive residuals (actual GYC - 
predicted mean GYC) because the residuals were apparently related to the GYC 
values, ie. decreasing values of GYC were associated with decreasing values of 
the residuals. The choice of plots was made so that each of the classes of 
GYC value 12-16, 16-20, 20-24, >24 was represented by at least 4 plots, the 
plots with the highest residual values being chosen. Only one plot was 
considered suitable to represent GYC values of 12 or less.
The relationships between productivity of these high yielding plots and 
tatter rate and temperature were then investigated using regression analysis, 
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Maximum attained GYC * 7.50 - 0.942(tatter) + 0.0168(acc. temperature)
r2 = 91.4% ........... (58)
Maximum attained GYC = 10.2 - 0.0387(elevation) + 0.0398(topex)
- 0.802(tatter s.l.) + 0.0161(temperature s.l.)
r2 = 92.1% ........... (59)
The relatively high r2 values are a reflection of the reduction in variation 
achieved by selecting the most highly productive sites. Productivity levels on 
such sites should be closely related to climatic factors and relatively 
independent of edaphic conditions which (at least in theory) should be optimal.
It should be emphasised that the values of maximum attained GYC do not 
exactly represent the maximum attainable productivity. This is because the 
data were taken from a pool of only 188 data points, none of which were 
chosen in the field specifically to represent potential growth rates. The plots 
chosen to represent the maximum attained level of productivity (19 in total) 
constitute 10% of the plots assessed. The productivity levels indicated by 
equations 58 and 59 above therefore represent the GYC values which one 
would expect to be exceeded with a frequency of 5 per cent.
Using the above equations, values of maximum attained GYC can be 
calculated for a range of climatic conditions. Figure 33 shows the values 
calculated for a range of elevations using equation 59 assuming the average 
values of topex, sea-level windiness and sea-level temperature encountered in 
this study. These values range from about GYC 32 at sea-level to GYC 6 at 650 
m. This range of values is very similar to that quoted by Fraser (1970) arrived 
at by inspection of Forestry Commission sample plot data. A value of GYC of 
32 is equivalent to a maximum mean annual dry weight increment of stemwood 
matter of 11.2 t ha" 1 yr" 1 (see Jarvis 1981), which is very close to the value of 
12 quoted by Ovington (1962). The maximum elevation at which GYC 12 (the 
national average) can occur is predicted as about 500 m and the maximum for 
GYC 8 is a little over 600 m.
Values of GYC for Sitka spruce in southern Ireland frequently exceed 30 and 
values of between 36 and 40 have been recorded in young stands growing at 
about 100 m above sea-level (Davis 1982). Assuming a value for accumulated 






























































































































wind conditions similar to the average for Scotland the maximum attained GYC 
for such a site predicted by equation 59 is 37.3 m 3 ha' 1 yr~ 1 .
6.2.1 Comparison with subcompartment data-base values of GYC.
Values of maximum attained GYC were calculated from equation 59 for a 
range of elevations for two contrasting forests; Clatteringshaws (Galloway) and 
Drummond Hill (Perthshire). Clatteringshaws has a high proportion of peaty 
soils and is relatively exposed, whereas Drummond Hill is typified by mineral 
soils and a relatively sheltered location. Both had been relatively recently 
surveyed by the forest surveys branch of the Forestry Commission and data 
were available for the GYC and elevation of each subcompartment. Stands 
were selected which were at least 15 years old at the time of survey, so that 
the crops were old enough to allow reasonably precise estimation of yield 
class. Topex values are not recorded in the subcompartment data, so an 
average value was applied for each forest based on the authors knowledge of 
the areas (50 at Drummond Hill, 40 at Clatteringshaws).
Figures 34 and 35 show the values of GYC plotted against elevation and the 
calculated maximum attained GYC values. Taking into consideration the low 
precision of the subcompartment data and the fact that they are often subject 
to a degree of intentional under-estimation (G.M. Locke pers. comm.), the 
predicted values of maximum attained GYC appear to correspond reasonably 
well with the highest observed values of GYC. A considerable degree of 
variation in relationship between GYC and elevation is apparent, particularly at 
Clatteringshaws. Many of the subcompartments show values of GYC which lie 
far below the maximum theoretically attainable, indicating that site conditions 
other than temperature and windiness severely limit production. In the case of 
Clatteringshaws the preponderance of peat soils and £d//i//7d-dominated sites 
at relatively low elevations probably contributes to this effect.
6.3 Comparison of actual and maximum attained GYC.
Values of maximum attained GYC were calculated for all the plots assessed 
in this study using equation 59, to give estimates of the potential productivity 
(ie. the maximum productivity attained under the prevailing climatic conditions). 
These values varied between GYC 8 and 30.
The ratio of actual GYC to maximum attained GYC was then calculated and
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Figure 34. Comparison of predicted maximum GYC and observed GYC
values at Drummond Hill forest (subcompartment data base)
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Figure 35. Comparison of predicted maximum GYC and observed GYC
values at Clatteringshaws forest (subcompartment data base)
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expressed as a percentage ("per cent maximum GYC"). This varied between 45 
and about 100 per cent and was approximately normally distributed with a 
mean value of 80.4 per cent, (see Figure 36). The values in excess of 100 per 
cent were some of those used in the estimation of maximum attained GYC. 
These reductions in productivity from a theoretical maximum are presumably 
the result of the influence of environmental and crop factors other than 
temperature and windiness. The value of 80 per cent is fairly high and is 
probably a reflection of the fact that many of the crops surveyed only 
experience relatively low levels of nutrient stress and transient water stress.
Values of per cent maximum GYC were also calculated from the 
subcompartment data for Clatteringshaws and Drummond Hill forests. In both 
cases the values of per cent maximum GYC were more or less normally 
distributed, with a mean at Drummond Hill of 65 per cent and at 
Clatteringshaws of 55 per cent (see Figure 37). The generally lower values of 
per cent maximum GYC arrived at from the subcompartment data are probably 
a reflection of the rather less favourable sites (than those surveyed in the 
present study) and the fact that areas with unsuccessful silviculture are 
included. The conservative nature of GYC estimates in the subcompartment 
database may also contribute (G.M. Locke pers. comm.). As mentioned above 
the very low values of per cent maximum GYC recorded at Clatteringshaws 
presumably result from nutrient stress and heather check on the widespread 
peaty and Ca//una-dom\r\ated sites.
6.3.1 Factors affecting "per cent maximum GYC".
The ratio of actual to maximum attainable productivity (per cent maximum 
GYC) should in theory be affected by a multiplicity of site factors other than 
those used to define the climate of the site for the purpose of calculating the 
potential productivity. For the data in this project per cent maximum GYC was 
found to be related to the following site factors: crop age, soil type and soil 
rooting depth. Details of these relationships are given below.
6.3.1.1 Crop age.
Values of per cent maximum GYC increased with decreasing crop age, 
crops younger than 20 years growing at 87 per cent of the theoretical 
maximum attained GYC and those older than 40 years growing at about 65 per 
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effect is similar to the significant effect of crop age demonstrated by 
regression analysis and is probably largely due to the increasing standards of 
silviculture! treatment applied to younger crops.
6.3.1.2 Soil type.
The effects of soil type on per cent maximum GYC are also shown in Table 
21 and Figure 38. The soil types were generally found to order themselves in 
relation to productivity as follows: brown earth > surface water gley > podsol, 
iron pan, peaty gley > flushed peat > unflushed peat The effect of soil type 
was significant at the 5% level. The absolute values for per cent maximum GYC 
for each soil type are largely dependent on the age class of the crop. These 
differences are similar to the significant effects of soil demonstrated by 
regression analysis (see section 5.3.3.2).
A comparison between the values of per cent maximum GYC for crops 
planted prior to 1955 and those planted after 1965 was made for the main soil 
groups (freely draining soils, gleys and peats). Most of the pre-1955 crops were 
established with a minimum of site amelioration whereas the post-1965 crop 
had all received modern silvicultural practice. In the pre-1955 crops the soil 
type classes ordered themselves as follows: freely draining 74 per cent, gleys 
69 per cent and peats 54 per cent (see Figure 39 for significant differences). In 
the post-1965 crops the values of per cent maximum GYC had increased to 
85-89 per cent (effect of age significant; P < 0.001) and the significant 
differences between soil types had disappeared. In the time period concerned 
peats showed an increase in per cent maximum GYC of 31 per cent, gleys of 
20 per cent and freely drained soils of 12 per cent. This presumably reflects 
the influence of site amelioration which is aimed at removing the limitations to 
growth on poor sites, the greatest gains in terms of per cent maximum GYC 
being achieved on the poorest sites. The fact that peats have apparently 
"caught up" with the other main soil types in the youngest crops is rather 
surprising. This is possibly attributable to the fact that a substantial proportion 
of the data from young crops on peat soils come from Forestry Commission 
experiments which are suspected of showing slightly higher GYC values than 
standard plantations due to the rather greater degree of attention they receive 
during establishment.
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EFFECT OF AGE SIGNIFICANT AT 0.1%
SIG. DIFFS.(SOIL) A - B
Figure 39. Comparison of per cent maximum GYC for different 
soil types for pre-1955 and post-1955 crops
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6.3.1.3 Soil rooting depth.
The effects of soil rooting depth and total soil depth on per cent maximum 
GYC were investigated for the 167 plots for which values of soil depth were 
available. Regressions were calculated which included soil (total) depth, rooting 
depth, age and soil type.
Percent maximum GYC was significantly correlated with rooting depth, but 
the r2 value was only 24 per cent Percent maximum GYC was not correlated 
with total soil depth for the entire data set, but was if deep peats (which are 
associated with high values of total depth) were excluded (r2 = 22%). In 
equations already containing crop age and soil type (as estimated by dummy 
variables), rooting depth and soil depth were not significantly related to per 
cent maximum GYC.
6.4 Conclusions.
1. Estimates of maximum attained productivity can be made by analysis of 
data from plots selected to represent the highest yielding crops sampled in this 
study. These maximum attained GYC values are closely related to the 
temperature and wind climate of the sites (r2 = 91%). Under average climatic 
conditions in Scotland maximum attained GYC varies from about 32 near 
sea-level to about 6 at 650 m.
2. The values of maximum attained GYC predicted for lowland sites by the 
relationships between maximum attained GYC and climatic factors are very 
similar to published values of potential forest productivity for conifers in 
western Europe. This method of predicting maximum attained GYC also gives 
values which are reasonably consistent with maximum levels of productivity 
recorded for in the subcompartment data base for two Scottish forests 
{Clatteringshaws, Orummond Hill).
3. The actual productivity levels at the plots in this study lay between 45 
and about 100 per cent of the calculated "maximum attained", with a mean 
value of about 80 per cent. Values arrived at by inspection of subcompartment 
data indicate that actual productivity in forest stands at Clatteringshaws and 
Drummond Hill was on average 55 per cent and 65 per cent of the calculated 
maximum attained.
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4. The ratio actual/maximum attained GYC was affected by crop age, soil 





7.1.1 The influence of climatic factors
This study is essentially an investigation of the relationships between site 
factors and productivity carried out based on old and well-tested methods and 
forms of analysis. One of its main features which distinguishes this 
investigation from previous British site-productivity studies is the reliance on 
extrapolated long-term meteorological data to describe key attributes of the 
climates of forest sites. These climatic data proved to be well correlated with 
productivity and these correlations formed the basis of all the models 
describing the relationships between site factors and yield. Another feature of 
this study is the use of dummy variables to establish the geographical 
distributions of variation in productivity and site wind-climate.
Previous studies of the relationships between forest productivity and site 
factors in Britain have relied to a large extent on topographic variables such as 
elevation and geomorphic position to describe the influence of climate (eg. 
Malcolm 1970, Page 1967, Cook et al. 1977) or have attempted to describe 
climate in terms of short-term measurements (Blyth 1974a). Using climatic 
variables rather than topographic factors brings the investigation a step nearer 
the biological processes governing growth, a move which seems to have been 
successful in this study. For example, in this study elevation accounted for 36 
per cent of the variation in GYC. The addition of a variable describing the 
geographical variation in site wind-climate increased this figure (r2) to 59 per 
cent and the further addition of a variable describing the geographical variation 
in site annual accumulated temperature increased it to 67 per cent. This move 
nearer to the biological processes made by using meteorological data is 
obviously a modest one seen in the context of physiologically orientated 
studies of plant-environment relationships. However in the case of this study 
it was essential for understanding and quantifying the pattern of spatial (ie. 
altitudinal and geographical) variation in productivity.
Demonstrating links between this pattern and site temperature and
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wind-climate is one of the most important results of this study. The existence 
of a pattern where productivity declines with increasing elevation and 
increasing proximity to the coast comes, of course, as no surprise to anyone, 
including foresters, with a knowledge of basic ecology. For example Burnett 
(1964) wrote in his standard text on Scottish vegetation:
"In any area an altitudinal sequence of communities can usually be 
observed, but the absolute altitude at which any particular community occurs 
.... becomes progressively lower on going from south to north and west. The 
main causes ... appear to be 'oceanicity' and exposure".
Similarly the effects of oceanicity and latitude on treelines have been 
appreciated for nearly 100 years (Schroter 1912).
However, to be able to demonstrate and quantify these patterns using 
productivity data from 188 plots in Forestry Commission plantations is rather 
more surprising. Furthermore, the correlations between the pattern of variation 
in productivity and the distribution of variation in site temperature and 
windiness were rather closer than might have been expected considering the 
vast array of factors known to influence the growth of Sitka spruce. 
Temperature decreases rapidly with increasing latitude and modestly with 
increasing proximity to the coast (see Figures 13 and 14) whereas windiness 
increases rapidly with proximity to the coast and modestly with latitude (see 
Figure 15). Both patterns are correlated with the distribution of productivity, 
and all the "best" models derived in this study include these effects.
Forest site-yield studies are related to two other traditional forms of 
investigation into the relationships between environmental factors and plant 
performance namely:
1. Studies of the relationships between environmental factors and plant 
physiological processes.
2. Biogeographical studies of the relationships between environmental 
factors and plant attributes or species distribution.
The type of information required by foresters from site-yield studies lies 
between these two extremes. Some of the most interesting and challenging 
research carried out recently are studies which essentially attempt to link these 
approaches. For example Waring and co-workers, starting with the relationship 
between leaf area and basal area were able to show links between this
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measure and, on the one hand, patterns of carbon allocation within the tree 
and on the other the attributes and productivity of different forest communities 
in North America (Waring et al. 1978, Waring et al. 1980, Waring 1982).
It is probably true to say that traditional forest site-yield studies have not 
lived up to the expectation of many of the investigators in bridging the gap 
between knowledge of physiological plant processes and wider aspects of the 
attributes of forests including their productivity. One of the main problems 
with site-yield studies is that the complexity of the environmental system 
which affects forest tree growth to a large extent defies definition using 
multivariate statistics. In research into the relationships between 
environmental factors and plant growth at the physiological level this 
complexity is usually reduced by rationalising the environmental factors to their 
essential elements (temperature, light, moisture, nutrients) and studying their 
effects on a single or restricted number of plant processes in a controlled 
environment. This approach generally has the disadvantage of operating with 
environmental variables which are impractical to measure in the field, thus 
leaving their distribution in the forest uncharted.
Some of the most useful work on the relationships between site factors and 
yield has been done by concentrating on one important environmental variable 
and controlling or restricting the effects of other factors. For example Farr and 
Harris (1979) showed clear relationships between mean annual accumulated 
temperature above 5 °C and the site index of Sitka spruce by sampling over 
the whole latitudinal range (and climatic range) of the species in North America 
and choosing only productive stands up to an elevation of 100 m. Similarly, 
the effects of nutrients can be demonstrated by controlled experiments in 
which a wide range of fertilizer applications are applied to a single uniform site 
(eg. Mclntosh 1985). In the present study the environmental factor which was 
concentrated on and around which the sampling strategy was designed was 
elevation, with its effects translated into climatic variables. In this respect the 
project built on the findings of previous studies (Page 1967, Malcolm 1970, 
Blyth 1974a). The amount of variation was restricted by selecting stands which 
were "silviculturally successful" and which had generally received a 
considerable degree of site amelioration treatment. The degree of variation 
was further reduced both intentionally and unintentionally by the choice of 
experimental sites (see section 7.1.6 below).
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As a result of this approach it was possible to show the relationships 
between productivity and climatic factors and to show the spatial variability of 
these climatic factors, albeit in a fairly crude fashion. Even though the 
accuracy of the best models leaves a little to be desired when applied to a 
single site they are probably sufficiently precise to be of use in forest 
management. They certainly represent a very significant improvement on any 
other system currently available, with the possible exception of the "well-tuned 
local forester".
7.1.2 Tatter rate and accumulated temperature as a measure of exposure.
The combination of increasing windiness and decreasing temperature, both 
as a result of altitude and geographical location, provide a useful if rather 
crude definition of the word exposure. "Exposure" is a concept which means 
different things to different people and is a word which has been misused to a 
considerable extent in British forestry (see Grace 1977). "Exposed sites" are 
generally regarded as those where the climate is characterised by high mean 
wind speeds or high windrun, but the term is also used to describe sites with 
low levels of geomorphic shelter, more or less regardless of their actual 
wind-climate. The advent of the tatter (or "exposure") flag provided the 
Forestry Commission with a means of measuring this ill-defined quantity with a 
tool of dubious quality, an activity which was indulged in to a surprising extent 
as afforestation was pushed onto increasingly "exposed" sites. Analysis of the 
tatter flag data showed that "exposure" increased with increasing elevation and 
proximity to the sea and it was obvious to many people in the field that crop 
growth was related to exposure; whatever exposure might be. One major 
problem in relating the performance of tatter flags to crop growth was that the 
rate of tattering of flags was to a very large degree determined by site 
windiness (windrun) whereas it was an obvious over-simplification to assume 
that the same applied to the growth rates of trees. The effects of other factor 
such as temperature and soil type were therefore assumed to be correlated 
with site windiness.
In this study the author, rather to his surprise, came to rely to a large 
extent on tatter flag data to describe the wind-climate of sites, being, as it is, 
the only extensive source of data for upland areas. Decreasing growth of Sitka 
spruce was shown to be closely related to extrapolated values of tatter rate 
and site temperature. Estimated tatter rate and estimated accumulated
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temperature accounted for 78 per cent of the variation in GYC for plots having 
received standard silvicultural treatment. Exposure may therefore be 
considered as the combined effects of relatively high mean wind speeds and 
low growing season temperatures. However, the effects of more specific 
factors such as winter damage and foliage loss should not be overlooked and 
further research is needed to clarify their importance.
These results also indicate that the assessment of the suitability of sites for 
afforestation using tatter flags should be linked with a knowledge of the 
temperature regime of sites if even moderate levels of precision are required. 
This becomes obvious if one considers the contrast between a site in a west 
coastal area where the accepted limit to afforestation of 13 cm 2 day' 1 is 
reached at elevations as low as 200 m and a site in the Cairngorms where the 
same limit is reached at 500 m or more. The temperature regimes of these site 
are completely different and so it is unrealistic to expect crops to behave 
similarly. Some recognition of this is now made by prescribing limits of 12 
cm2 day' 1 for inland areas and 14 for coastal areas (Reynard and Low 1984). It 
is possible that this adjustment is not adequate. Further investigation of these 
effects could be simply carried out with reference of the results of this study.
One feature of the results of this study which contrasts strongly with the 
results of site-yield studies from many other parts of the world is the failure to 
demonstrate relationships between productivity and site moisture indices. This 
is despite the data being well separated according to rainfall estimates as 
shown by the results of principal component analysis (see section 5.4). It is 
possible that if this study had been extended onto lower elevation sites, a 
limiting effect of soil moisture might have become apparent. Soil moisture 
limitations may be the principal factor responsible for the fact that 
extrapolation of the relationships between productivity and site factors arrived 
at in this study tend to give consistent overestimations of productivity on low 
elevation sites. Jarvis et al. (1983) demonstrated relationships between the 
growth rate of Sitka spruce and evapotranspiration, and both Tranquillini (1979) 
and Oswald (1969) have reported productivity of conifers on altitudinal 
gradients reaching maxima at intermediate elevations below which productivity 
is limited by moisture supply.
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7.1.3 The effects of edaphic factors.
In studies of the relationships between site and tree growth, it can be 
convenient to divide the features of the environment influencing growth into 
climatic and edaphic factors (Malcolm and Studholme 1972). In this study the 
effects of climatic factors dominated the effects of all other factors, including 
edaphic ones. This is in contrast to many North American studies where soil 
variables are often dominating (Carmean 1975), but is in agreement with most 
of the previous site/growth investigations carried out in Britain (Blyth 1974a). 
The clear dominance of climatic factors over edaphic ones is doubtless a true 
statement about plant-environment relationships in the British uplands, but this 
dominance is contributed to by several other factors. Firstly sampling was 
conducted over a very wide range of climatic conditions (both altitudinally and 
geographically), whereas the variation in soil factors was limited both 
unintentionally by the inevitable concentration of sampling on even valleyside 
sites and intentionally by avoiding from the start sites " with undue variation in 
soil conditions'* (see section 2.3). In many of the North American studies 
climatic and topographic factors varied only to a modest degree and soil 
factors exerted a dominating influence. This illustrates the fact that 
conclusions drawn from site-yield studies are specific to the regions surveyed 
and are not general statements applicable to wider areas. Secondly the majority 
of plots were located in plantations which had received high levels of 
silvicultural inputs aimed specifically at removing edaphic limitations to 
productivity.
Although the effects of climate dominated, significant and useful 
relationships were found between productivity and soil type. The effects of 
soil type were treated by using dummy variables, thus overcoming the 
problems of interpreting the results based on a priori weightings which were 
encountered in many previous studies (Page 1970). Several practical methods 
of site classification applied in Great Britain have used soil type as a guide to 
forest productivity (eg. Pyatt 1977). This is because the distribution of soil 
types is to a certain extent correlated with climate and thus soil type is 
assumed to act as an integrating factor. The results of this study (bearing in 
mind possible shortcomings in the sampling strategy) allow a rational division 
of the effects of site factors influencing productivity into climatic and edaphic 
components.
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7.1.4 The influence of crop age.
The existence of a significant negative relationships between productivity 
and crop age is interesting, and can be interpreted as the result of improving 
standards of silvicultural treatment This apparent increase in GYC must be 
due to increased growth rates in the establishment phase. It is uncertain to 
what degree such "accelerated" growth will be maintained during the later life 
of crops. If it is not maintained, the values of GYC recorded for young crops in 
this study will be over-estimates, the discrepancy being greatest in the 
youngest crops. Study of the stability of GYC estimates with the age of crops 
has recently been carried out (Rollinson pers. comm.). The incidence of GYC 
estimates changing with age was found to be low and no specific trend was 
evident. However it remains to be seen to what degree these apparent gains 
in younger crops are maintained throughout their rotation length.
7.1.5 Potential productivity.
An estimate of potential site productivity was made by choosing the plots 
showing the highest rates of productivity for specific climatic conditions. This 
"maximum attained yield class" is an estimate of the maximum productivity 
attained given current silvicultural practices. It should be emphasised that 
rather higher levels of productivity could probably be recorded if data were 
collected specifically for the purpose of surveying maximum growth rates and 
particularly if Forestry Commission nutrition experiments were included in the 
sample. Despite this the estimates of "maximum GYC" made for low-level sites 
corresponded reasonably well with previously published data for western 
Europe (Ovington 1962, Jarvis 1981). The ratio of actual to potential 
productivity for the plots was surprisingly high (80 per cent), with actual 
productivity lying below potential by an average of 4 m 3 ha" 1 yr" 1 (average 
GYC in this study 14, average "potential" GYC 18). This is probably a reflection 
of the fact that many of the crops surveyed only experienced low levels of 
nutrient stress and only transient moisture stress.
Information on the potential productivity of a forest site could be used to 
identify crops whose productivity lies far below potential and to help to 
establish the causes of such shortfalls. It could also be used to give an 
indication of the likely benefit of silvicultural operations such as fertilizing. The 
method of estimating potential productivity presented here requires
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considerable refinement before it could be used in a practical context. 
7.1.6 Some problems with the methodology of this study.
The degree to which the sites surveyed are representative of upland forest 
sites is not easy to assess. The sampling was definitely weighted in favour of 
even sloping valley-side sites with mineral soils (gleys), where a high standard 
of silviculture is easy to maintain. Flatter peaty sites and heathland sites were 
included as single plots or groups of plots often on Forestry Commission 
experimental sites. Many of these sites had also received a high standard of 
silvicultural treatment and it is uncertain whether such high standards would be 
applied in practice. Consequently predictions of productivity for "difficult sites" 
made using the models developed in this study may possibly tend to be 
overestimates unless high levels of silvicultural inputs are applied. This is 
particularly true of sites where Calluna dominates or in areas of unusual 
geology (eg. ultra-basic). In such areas the GYC values predicted by the 
models should be regarded as a guide to the productivity level which it is 
possible to attain given the prevailing climatic conditions.
The results of this study are based on plots which were "silviculturally 
successful". No attempt has been made to assess the degree by which the 
productivity of whole stands/compartments fall below this level due to 
irregularities in treatment. The limited comparisons made between the 
potential and actual productivity of subcompartments (section 6.3) indicate that 
these deviations may be significant, particularly on poor sites. With the 
exception of the poorest sites in this study it was felt that the plots gave a 
reasonable estimate of the productivity of the compartments within which they 
lay.
One of the main problems with the approach adopted concerns the 
accuracy of the extrapolated meteorological data. As mentioned in section 
4.1.1.3, the errors associated with extrapolation include the effects of 
differences in site characteristics between the recording stations and the field 
sites, errors in the altitudinal (and other) functions used during extrapolation 
and errors in the spatial interpolation process which determines the pattern 
between stations. In addition the operation of tatter flags is associated with 
several hazards ranging from systematic errors due to the effects of rainfall 
(Grace 1977), to events such as the freezing of flags in winter. The main
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justification for the use of these extrapolated data is that they all show logical 
and consistent relationships with productivity. In the case of the tatter data 
the relationships between tatter rate and site variables are also logical and 
consistent. However more work remains to be done on the extrapolation of 
meteorological data to upland sites, particularly on the variability of lapse rates, 
the effects of aspect on site temperature and on assessing the reliability of 
tatter flag data.
7.2 Conclusions.
1. General Yield Class (GYC) decreased with increasing elevation due to 
the effects of increasingly adverse climatic and soil conditions. The 
relationships between GYC and elevation on the individual sites were fairly 
close (r2 values 53-98 per cent) and were generally linear over the range of the 
elevations sampled, with GYC decreasing by an average of 3.5-4.0 m3 ha" 1 yr" 1 
per 100 m increase in elevation. There was some evidence of a tendency for 
the rate of decrease in GYC to be greater on high elevation (inland) sites than 
on lower elevation (coastal) sites.
2. The relationship between GYC and elevation varied according to 
geographical location. Covariance analysis showed that productivity at specific 
elevations was higher on inland and southern sites than on coastal and 
northern sites.
3. The geographical variation in the GYC/elevation relationship was closely 
correlated with patterns of growing season temperature and site windiness. 
Correlation and regression analyses showed that GYC was significantly 
correlated with the following climatic and topograhic variables: elevation, 
estimated mean summer temperature (June-Sept.), estimated mean annual 
accumulated temperature above 5.6 °C, estimated tatter rate (windiness), 
geomorphic shelter (topex), and aspect. The estimates of site temperature and 
windiness were derived by spatial and altitudinal extrapolation of standard 
meteorological data (temperature) and Forestry Commission tatter flag data 
(windiness). The best regression models containing the variables listed above 
accounted for 72-79 per cent of the variation in GYC.
4. The two variables, estimated tatter rate and estimated accumulated 
temperature, accounted for 78 per cent of the variation in GYC for 142 plots 
which had received standard silvicultural treatment. The combination of these
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two variables provide a useful definition of the term "exposure" which 
combines the effect of increasing site windiness and decreasing site 
temperature.
5. Yield class was also significantly (negatively) related to crop age. This 
is regarded as a result of improved standards of silvicultural treatment during 
the period 1930 - 1970.
6. Soil type was significantly correlated with GYC, the different soil types 
ordering themselves with regard to productivity as follows: brown earth > 
surface water gley > podsol, iron pan, peaty gley > flushed peat > basin bog, 
unflushed peat. The amount of variation accounted for by soil factors was very 
small compared with climatic factors. This is probably the result of site 
amelioration practices which are aimed at reducing the effects of soil 
limitations on productivity.
7. The best regression models explained 78-86 per cent of the variation in 
GYC and their use to predict GYC for a single location (land acquisition) is 
associated with a mean error of approximately ±1 m 3 ha~ 1 yr' 1 and confidence 
limits of ±2.3 - 2.6 m 3 ha" 1 yr' 1 . Comparison of the best models with 
validation data showed that the predictions of GYC for 32 single plots varied 
by on average ±1.48-1.67 m3 ha" 1 yr" 1 , for the 9 individual forests varied by 
±1.01-1.28 m3 ha"1 yr" 1 and the mean for all the plots differed from the true 
mean by + 0.02 to - 0.67 m3 ha" 1 yr" 1 . These values compare with 
corresponding figures of about ±4.4 , ±2.6 and a mean error of - 4.1 m 3 ha" 1 
yr' 1 for estimates derived from present site/yield guides published by the 
Forestry Commission (Busby 1974).
8. The best regression models could easily be adapted for yield prediction 
for forest management purposes. Information on the following site factors 
could be used to give reasonably precise estimates of the expected yield class 
given adequate silviculture: geographical location, elevation, topex score, aspect 
and soil type. Similarly, estimates of the elevations at which specific yield 
class values might be expected in different parts of northern Britain could also 
be made as an aid to determining upper planting limits.
9. The height to diameter ratio of the top-height trees on the plots was 
correlated with the windiness of the sites (tatter rate) and Production Class 
was correlated with elevation and stocking but the relationships were not
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close. Variations in Production Class from plot to plot had a large random 
element due to variations in stocking and basal area growth. As a 
consequence Local Yield Class was only poorly correlated with site factors.
10. Estimates of the potential productivity of upland sites were made by 
analysis of data from plots showing the highest productivity for specific 
climatic conditions (as defined by site temperature and windiness). These 
"maximum attained yield class0 estimates were closely related to temperature 
and windiness (r2 = 91 per cent) and gave estimates for lowland sites similar to 
values of potential productivity quoted in the literature for western Europe. 
The ratio of actual to potential productivity varied according to crop age, soil 
type and rooting depth, actual productivity varying between about 45 and 100 
per cent of potential with a mean value of 80 per cent.
7.3 Recommendations for future work.
1. The relationships between forest productivity and site conditions should 
be extended onto lower elevation sites. The meteorological variables used to 
describe the key attributes of the climate should include temperature, 
wind-climate and a measure of site water status.
2. Detailed studies of the relationships between climatic factors and the 
growth of coniferous trees at high elevations should be carried out using 
automatic weather stations at a limited number of sites spanning the range of 
climatic conditions encountered in the British uplands. These should be aimed 
at refining our knowledge of the mechanisms which cause reduced productivity 
and altered growth patterns at high elevations.
3. More information on the spatial distribution of the fundamental climatic 
variables in the British uplands is required. This will become increasingly 
important as more knowledge of the relationships between tree growth 
processes and meteorological variables becomes available from laboratory and 
single-site studies.
4. The collection of tatter flag data should continue and more work should 
be carried out on the relationships between site factors and tatter rate, 
particularly on sites with relatively high degrees of geomorphic shelter. It is 
essential that the flags cover a range of site conditions (topex values, aspects, 
elevation) at each site. The cover of flag sites in the dissected terrain in the
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western Highlands should be increased. Studies of the variation in tatter rates 
over long time periods should be carried out and renewed efforts made to 
correlate tatter rates with mean wind speeds or windrun. The possible use of 
extrapolated tatter data to replace the scorings for windzone, elevation and 
topex in the windthrow hazard classification should be investigated.
5. Studies of the upper altitudinal limits of species other than Sitka spruce 
and including broadleaves should be carried out.
6. Studies of the potential productivity of tree species should be carried out 
using data collected specifically to illustrate maximum growth rates in various 
conditions of climate.
7. The relationship between productivity, windthrow hazard and site 
variables should be examined with the aim of assessing the likely losses due to 
premature felling on different sites. In this respect it should be noted that 
many of the site variables which appear in the best regression models in this 
study are also important in the windthrow hazard classification.
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SAMPLE PLOT DATA
































Grid references for upper and lower plots on
transects, or for single plots 
Wind zone
General Yield Class 
Elevation (m) 
Aspect 





Rooting depth (cm) 
Total depth (cm) 
Stocking per hectare 
Basal area per ha (m ) 
Breast height diameter 
Height to diameter ratio 
Tatter rate adjusted to sea-level 
Estimated tatter rate
Accumulated temperature adjusted to sea-level 
Estimated accumulated temperature 
Summer temperature adjusted to sea-level 
Estimated summer temperature 
Potential water deficit class 
Oceanicity class 
S = standard silviculture 
P = production class assessed 
M = plot chosen to represent maximum
attained GYC 
E = FC experiment
T = actual tatter reading available 
Actual tatter rate value
PLOT CON 
NO
DISTRICT FOREST GRID REF W GYC 
Z
ELE ASP AS TOP SL SOIL AGE SOIL 





















21 SS CASTLE DOUGLAS
22 SS CASTLE DOUGLAS
23 SS CASTLE DOUGLAS
24 SS CASTLE DOUGLAS
25 SS CASTLE DOUGLAS
26 SS CASTLE DOUGLAS
27 SS CASTLE DOUGLAS
28 SS CASTLE DOUGLAS
29 SS CASTLE DOUGLAS
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PLOT N/h BA/ BOH TOP H/0 TATT TATT ACC. ACC SUM. SUM. RAIN P 0 CODE (ACT)
Mo ha HT. S.L. S.L. TEH S.L. TEM. FALL W C (TATT)
1 2050 44.05 13.2 22.7 58.24 7.5 5.41 1480 1101 13.7 12.2 2500 4 2 SP
2 2750 39.59 12.1 20.3 59.40 7.5 6.37 1480 1070 13.7 12.0 2525 4 2 SP
3 2150 43.19 12.1 22.4 53.97 7.5 6.94 1480 1043 13.7 11.9 2550 4 2 SP
4 2650 42.56 11.5 20.8 55.29 7.5 7.62 1480 1015 13.7 11.8 2575 4 2 SP
5 2300 31.76 10.0 18.7 53.40 7.5 8.29 1480 984 13.7 11.6 2600 4 2 SP
6 2500 33.74 9.4 18.3 51.31 7.5 9.10 1480 957 13.7 11.5 2625 4 2 SP
7 3250 27.98 8.5 15.2 55.72 7.5 9.48 1480 930 13.7 11.4 2650 4 2 SP
8 2650 25.44 7.6 15.6 48.69 7.5 9.72 1480 903 13.7 11.3 2675 4 2 SP
9 2950 14.72 6.6 13.0 51.04 7.5 10.12 1480 877 13.7 11.1 2700 4 2 SP
10 285014.82 6.2 12.848.94 7.5 10.241480 850 13.7 11.02725 4 2 SP
11 2200 11.91 5.6 12.2 45.39 9.0 13.15 1480 983 13.7 11.6 1780 3 1 SP
12 2750 15.67 8.0 15.0 53.40 9.0 12.46 1510 1047 13.7 11.8 1760 3 1 SP
13 1850 17.97 8.4 16.4 50.85 9.0 11.22 1510 1079 13.7 11.9 1740 3 1 SP
14 3050 22.83 8.3 15.4 53.85 9.0 10.69 1510 1110 13.7 12.1 1720 3 1 SP
15 2250 28.68 9.2 17.7 51.91 9.0 10.27 1510 1141 13.7 12.2 1700 3 1 S
16 2100 24.88 9.3 19.6 47.33 9.0 9.49 1510 1171 13.7 12.3 1680 3 1 S
17 3200 29.63 10.8 17.3 62.71 9.0 8.87 1510 1202 13.7 12.5 1660 3 1 SP
18 3250 37.70 11.3 20.8 54.13 9.0 7.76 1510 1230 13.7 12.6 1640 3 1 SP
19 3350 46.58 13.4 22.8 58.83 9.0 6.41 1510 1261 13.7 12.7 1620 3 1 SP
20 2000 29.00 8.0 18.3 41.30 9.0 12.71 1510 1030 13.7 11.7 1770 3 1 SP
21 3300 6.14 4.1 8.4 49.40 6.5 13.29 1580 791 13.8 10.3 2200 4 2 SP
22 3300 20.52 5.4 12.7 43.96 6.5 12.45 1580 813 13.8 10.4 2180 4 2 SP
23 2950 22.82 6.1 14.5 43.33 6.5 12.35 1580 837 13.8 10.5 2160 4 2 SP
24 3000 26.68 7.2 15.4 47.17 6.5 11.84 1580 859 13.8 10.6 2140 4 2 SP
25 3100 32.90 7.6 15.7 48.SO 6.5 11.37 1580 883 13.8 10.8 2120 4 2 SPM
26 3100 19.59 6.4 14.1 45.57 6.5 11.09 1580 907 13.8 10.9 2100 4 2 SP
27 2850 31.02 8.4 17.9 46.76 6.5 9.80 1580 932 13.8 11.0 2080 4 2 SP
28 2950 33.49 9.5 16.7 56.70 6.5 9.60 1580 959 13.8 11.2 2060 4 2 SP
29 2800 32.85 8.9 18.0 49.40 6.5 9.11 1580 985 13.8 11.3 2040 4 2 SP
30 3000 33.90 10.0 17.5 56.90 5.0 7.62 1580 1008 13.8 11.4 2020 4 2 SP
31 1350 75.27 20.6 33.1 62.20 5.0 7.35 1580 844 13.8 10.6 2200 4 2
32 1950 62.58 21.7 30.4 71.60 5.0 6.95 1580 868 13.8 10.7 2180 4 2
33 1350 64.29 23.2 36.1 64.50 5.0 6.42 1580 896 13.8 10.8 2160 4 2
34 1000 49.10 23.7 35.6 66.54 5.0 5.96 1580 943 13.8 11.1 2140 4 2
35 1100 38.98 21.2 33.1 64.26 5.0 6.08 1580 961 13.8 11.2 2120 4 2
36 1300 57.81 26.4 33.7 79.04 5.0 5.13 1580 980 13.8 11.3 2100 4 2
37 70062.2226.743.661.35 5.0 4.291580100813.8 11.4208042
38 600 53.59 26.7 38.3 69.64 5.0 3.24 1580 1037 13.8 11.5 2060 4 2
39 950 69.10 24.7 41.1 60.22 5.0 2.29 1580 1079 13.8 11.7 2040 4 2
40 1450 58.80 20.0 30.7 65.40 5.0 8.49 1580 810 13.8 10.4 2220 4 2
41 4050 42.40 10.1 18.0 56.20 6.0 9.06 1510 1049 13.5 11.6 1500 3 2 SPTM ( 7.4)
42 4600 44.98 10.8 17.7 56.79 5.0 8.44 1510 1018 13.5 11.5 1400 3 2 SPTM ( 9.0)
43 3750 38.21 8.4 16.4 50.97 5.0 9.00 1510 961 13.5 11.2 1425 3 2 SPT ( 8.9)
44 3550 30.91 7.7 16.1 47.79 5.0 10.55 1510 903 13.5 10.9 1460 3 2 SPT (13.5)
45 3300 27.88 6.5 16.4 39.51 5.0 11.54 1510 891 13.5 10.9 1520 3 2 SPT (12.4)
46 4400 48.10 8.9 18.2 48.90 5.0 9.02 1510 956 13.5 11.2 1520 3 2 SPT ( 9.5)
47 4000 25.81 5.9 12.0 49.08 5.0 11.48 1510 902 13.5 10.9 1480 3 2 SPT (11.8)
48 3650 34.14 8.1 18.0 44.60 5.0 10.21 1510 927 13.5 11.0 1520 3 2 SPTM (10.9)


































































































































































































































































































































































































































































































































































































































2 SP ( 6.3)
PLOT N/h BA/ BOH TOP H/0 TATT TATT ACC. ACC SUM. SUM. RAIN P 0 CODE (ACT)
No h» HT. S.L. T.L. TEM S.L. TEM. FALL W C (TATT)
99 3000 43.23 11.1 22.6 49.11 7.0 9.01 1580 1186 13.8 12.2 1850 3 2 SP
100 2850 12.9 23.2 55.60 7.0 10.16 1580 1186 13.8 12.2 1800 3 2 S
101 3200 47.97 13.5 22.7 59.47 7.0 11.46 1580 1043 13.8 11.6 1850 3 2 SPM ( 9.6)
102 2900 41.92 11.5 20.0 57.75 7.0 8.78 1580 1190 13.8 12.2 1830 3 2 SPM
103 3344 61.77 15.1 32.4 46.76 5.0 8.68 1580 880 13.8 10.8 2180 4 2 P
104 2926 63.32 19.2 30.4 63.32 5.0 8.14 1580 909 13.8 10.9 2160 4 2 P
105 * * 19.7 27.9 70.48 5.0 7.22 1580 938 13.8 11.1 2140 4 2
106 * * 22.2 34.6 64.43 5.0 6.55 1580 969 13.8 11.2 2120 4 2
107 2350 31.63 7.1 18.7 37.87 5.0 11.00 1580 834 13.8 10.5 2400 4 2 SP
108 * * 8.7 18.9 45.90 5.0 10.15 1580 857 13.8 10.6 2375 4 2 S
109 2500 48.29 10.0 22.8 44.08 S.O 9.73 1580 880 13.8 10.8 2350 4 2 SP
110 * * 11.3 18.6 60.85 5.0 9.07 1580 903 13.8 10.9 2325 4 2 S
111 2050 61.73 15.0 24.3 61.73 5.0 6.87 1580 926 13.8 11.0 2300 4 2 SPM
112 2950 70.57 14.8 29.2 50.68 8.0 8.04 1470 840 13.2 10.5 2800 4 2 P
113 2600 66.70 19.1 32.4 58.95 8.0 7.66 1470 865 13.2 10.6 2780 4 2 P
114 3200 70.21 18.4 29.9 61.53 8.0 6.96 1470 890 13.2 10.8 2760 4 2 P
115 2750 83.10 20.6 34.5 59.70 8.0 6.64 1470 915 13.2 10.9 2740 4 2 P
116 * * 22.3 40.1 55.74 8.0 6.13 1470 940 13.2 11.0 2720 4 2
117 * * 24.1 40.0 60.37 8.0 5.68 1470 966 13.2 11.1 2700 4 2
116 2500 56.54 16.4 32.4 56.54 8.0 5.71 1470 865 13.2 10.6 2800 4 2 P
119 * * 22.3 34.0 65.56 8.0 5.39 1470 896 13.2 10.8 2770 4 2
120 * * 24.5 30.4 81.08 8.0 4.97 1470 927 13.2 10.9 2750 4 2
121 * * 24.7 41.3 59.80 8.0 4.32 1470 960 13.2 11.1 2725 4 2
122 5450 99.99 18.2 29.1 62.43 9.0 7.77 1190 1045 12.3 11.7 900 1 1 P
123 2250 25.90 7.8 14.9 52.34 7.8 8.86 1240 973 12.4 11.3 1100 3 2 SP
124 * * 10.1 16.6 60.66 4.0 4.00 1620 1103 13.8 11.7 1600 3 2 SM
125 * * 8.2 11.2 73.21 4.0 5.02 1620 1052 13.8 11.4 1630 3 2 S
126 * * 8.0 14.8 54.39 4.0 5.85 1620 1002 13.8 11.2 1660 3 2 SM
127 * * 6.8 14.0 48.92 4.0 7.12 1620 954 13.8 10.9 1690 3 2 S
128 * * 5.4 15.1 35.76 4.0 8.71 1620 908 13.8 10.7 1720 3 2 S
129 * * 4.3 10.1 43.28 4.0 9.72 1620 874 13.8 10.5 1750 3 2 S
130 2350 9.91 4.6 11.2 41.52 4.0 10.72 1620 885 13.8 10.6 1750 3 2 ST (13.7)
131 2550 15.37 5.5 13.5 40.59 4.0 9.90 1620 970 13.8 11.0 1690 3 2 ST (10.9)
132 * * 5.4 11.7 45.73 4.0 12.47 1620 812 13.8 10.2 1790 3 2 ST (13.7)
133 * * 4.8 11.3 42.48 4.0 10.24 1620 841 13.8 10.3 1760 3 2 S
134 * * 8.8 16.5 53.64 3.2 8.22 1530 801 13.5 10.3 1400 3 3 STM ( 7.2)
135 4000 30.12 10.7 18.0 59.44 3.2 3.22 1510 975 13.4 11.2 1500 3 3 SP
136 3900 47.83 9.3 18.6 50.27 3.2 6.10 1510 844 13.4 10.5 1550 3 3 SP
137 * * 5.9 14.0 42.14 8.0 8.98 1560 1250 13.6 12.4 1600 2 1 S
138 * * 5.6 13.7 40.73 8.0 10.20 1560 1178 13.6 12.1 1650 3 1 S
139 * * 4.8 9.8 49.49 8.0 11.64 1560 1110 13.6 11.8 1700 3 1 S
140 * * 3.5 8.0 43.75 8.0 12.29 1560 1043 13.6 11.5 1750 3 1 S
141 * * 2.6 5.5 47.27 8.0 13.57 1560 980 13.6 11.2 1800 3 1 S
142 * * 4.4 8.6 51.16 5.1 13.44 1500 704 13.6 10.0 1100 3 3 S
143 * * 5.1 11.3 44.49 5.1 12.91 1500 725 13.6 10.1 1100 3 3 S
144 2550 16.30 6.3 13.0 48.46 8.8 10.08 1240 963 12.3 11.2 1100 2 2 SPT ( 9.8)
145 1900 42.88 11.3 22.9 49.34 8.8 9.83 1240 1006 12.3 11.4 1080 2 2 P
146 3350 65.56 17.9 28.5 62.81 8.8 8.14 1240 1036 12.3 11.5 1060 2 2 P
147 3150 57.88 14.5 22.9 63.31 8.8 8.04 1240 1080 12.3 11.7 1050 2 2 P
PLOT N/h BA/ BOH TOP H/0 TATT TATT ACC. ACC SUM. SUM. RAIN P 0 CODE (ACT) 



























































































































































































































































































































































































































































































REGRESSION ANALYSIS FOR MODEL 2
The regression equation is
C3 = 27.3 - 0.0428 ELEVATION - 3.21 C5 + 4.96 C6 * 5.77 C7 * 3.73 C8 + 7.35 C9
* 6.99 C10 + 2.66 C11 * 2.37 C12 + 4.77 C13 + 1.51 C14 * 0.445 C15









































































































= SS MS 
5 1766.76 117.78 




161.09 TOTAL SS FOR SITES
1.38 = 959.79
15.54
0.67 F-RATIO FOR SITES
96.09 = 68.56/2.49










REGRESSION ANALYSIS FOR MODEL 3 
The regression equation is
GYC = 26.S - 0.0404 ELEVATION - 2.99 C6 4 4.62 C7 * 5.46 C8 + 3.62 C9 + 7.08 CIO
- 6.60 C11 * 2.33 C12 * 2.85 C13 + 4.79 C14 + 1.51 CIS - 0.335 C16 
«• 0.342 C17 - 7.15 C18 - 3.66 C19 + 8.23 C20 + 5.02 C21 - 0.56 C22 
+ 4.01 C23 - 5.06 C24 - 4.02 C25 + 3.30 C26 - 4.63 C27 * 4.66 C28
- 0.26 C29 + 5.06 C30 - 5.64 C31 - 9.46 C32 + 6.35 C33 + 2.44 C34






























































































































































s = 1.946 R-tq = 80.7X R-sq(adj) = 76.OX 
Analysis of Variance
SOURCE OF SS MS
Regression 37 2377.759 64.264
Error 150 568.240 3.786
Total 187 2945.999
APPENDIX 3
TESTING FOR DIFFERENCES IN SLOPE
Regression model 2 (with all 18 site* included separately) with intercepts 
allowed to vary but common slope.
The regression equation is
C3 = 28.7 - 0.0430 ELEVATION - 4.60 C6 + 3.61 C7 + 4.94 C8 + 2.37 C9 + 6.00 CIO 
* 5.65 C11 * 1.31 C12 + 0.97 C13 * 3.40 C14 «• 0.135 C15 - 1.53 C16 






























































































Regression model 4 - intercepts and slopes free to vary.
The regression equation is
C3 = 39.2 - 12.4 C6 - 6.02 C7 - 11.9 C8 - 0.56 C9 - 9.83 C10 * 7.3 C11
- 1.5 C12 - 11.9 C13 - 8.14 C14 - 10.2 C15 - 1.87 C16 * 6.09 C17
- 12.2 C18 - 22.2 C19 - 12.3 C20 + 6.0 C21 + 39.9 C22 - 0.0537 C26
- 0.0447 C27 - 0.0287 C28 - 0.0624 C29 - 0.0312 C30 - 0.0670 C31
1
0.0590 C32 - 0.0262 C33 - 0.0399 C34 - 0.0434 C35 - 0.0690 C36 
0.0623 C37 - 0.0440 C38 - 0.0152 C39 - 0.0416 C40 - 0.0744 C41 




































































































































































TEST OF SIGNIFICANCE FOR EFFECT OF FREELY VARYING SLOPE:
{(253.6 - 127.91»/(1U-97)}/2.220 = 3.33 **
APPENDIX 4
ACCUMULATED TEMPERATURE DATA
EQUATIONS FOR TEMPERATURE AGAINST ELEVATION.



























































































































































































































































































































































































































































































































































































































Y s 1191 - 1.59
Y = 1432 -
Y = 1630 -
Y = 1477 -
Y = 1260 -
Y = 1375 -
Y = 1239 -
Y - 1563 -






































































REGRESSION ANALYSIS FOR MODEL 8 - TATTER MODEL
Coordinates give locations of sites in metres relative 
















































































































































































































































































































































































































































































































































































































































































































































































PERCENTAGE VARIANCE ACCOUNTED FOR 76.7
APPENDIX 6
BEST REGRESSION MODELS
Not* that intercept values and the value* for the coefficient* for 
the dummy variable* are not identical to those in table H because 
the latter have been adjusted to give values for the dummy variables 
which are relative to their average value, not to the reference 
category.
MODEL 52
The regression equation is
GYC = 19.9 - 1.02 tatter + 0.00833 ace.tern - 0.127 age - 0.107 slope + 1.S6 BE
















































































































The regression equation is
GYC =21.3 - 0.0320 elevatn - 1.02 tatt.sl * 0.00807 a.te.sl. * 0.0332 topex
- 0.109 age + 0.97 valley - 1.73 hilltop * 1.17 sine * 0.328 cosine 
+ 1.69 BE - 0.07 POO + 0.06 IP + 0.01 PG + 0.72 SWG - 0.79 FP

















































































































The regression equation is
GYC =21.4 - 1.11 TATTER * 0.00966 ACC.TEM - 0.153 AGE - 0.108 C9 + 0.47 BE















































































































The regression equation is 
GYC =21.4 - 0.0369 ELEVATN - 1.21 TATT.SL. * 0.0114 A.TE.SL * 0.0399 TOPEX
- 0.124 AGE - 0.03 VALLEY - 1.79 HILL + 0.822 SINE * 0.352 COSINE
- 0.64 BE - 2.83 POO - 2.95 IP - 1.87 PG - 1.40 SWG - 2.66 FP













































































































REGRESSION EQUATIONS FOR CALCULATION OF CONFIDENCE LIMITS
MODEL 52 plus dummy variables for sites
The regression equation is
C3 a 23.7 - 1.31 TATTER + 0.00673 ACC. TEMP - 0.0742 SLOPE - 0.156 AGE + 0.23 BE 
- 1.91 POO - 1.91 IP - 2.34 PC - 1.10 SWG - 3.42 FP - 1.51 88
- 5.11 FP + 2.90 C30 + 2.28 C31 + 2.34 C32 + 2.95 C33 - 0.484 C34
* 3.93 C35 * 4.70 C36 + 2.67 C37 + 3.38 C38 + 3.90 C39 + 2.38 C40 
+ 0.74 C41 + 3.56 C42 + 2.70 C43 + 1.49 C44 - 1.96 C45 + 2.84 C46 
+ 2.62 C47 + 3.46 C48 - 2.89 C49 + 2.48 C50 + 1.94 C51 + 1.80 C52 
+ 6.90 C54 + 2.64 C55 + 2.51 C56 - 0.81 C57 + 0.20 C58 + 2.30 C59 






































































































































































































































































































































































Total SS for sites = 232.95
F-ratio for sites = (232.95/36}/3.77)
where 3.77 = RMS for model 52
MODEL 55 plus dummy variables for site
The regression equation is
C3 = - 13.0 - 0.0368 ELEV - 0.285 TATT.S.L. + 0.0282 A.TE.S.L. + 0.0677 TOP - 0.154 AGE 
+ 1.08 SIN - 0.449 COS + 0.58 BE - 1.95 POO - 1.76 IP - 1.87 PG 
- 0.604 SWG - 2.77 FP + 4.50 BB - 4.25 UP * 1.31 C30 - 2.22 C31
2.55 C34 + 4.68 C35 + 0.25 C36 
3.26 C40 - 0.09 C41 - 0.09 C42 
2.27 C46 + 2.54 C47 - 0.46 C48 + 
6.11 C52 + 1.55 C53
+ 0.55 C32 + 0.79 C33 
+ 4.58 C38 + 1.71 C39
* 7.4 C44 * 5.9 C45 * 
+ 6.6 C50 - 3.33 C51
* 1.85 C57 - 0.20 C58 




5.45 C60 «• 7.4 C61
+ 4.60 C37 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































.0 13.81 -1 .
.0 15.43 -2.




























































































































































































































































































USE OF DUMMY VARIABLES.
Dummy (or indicator) variables provide a convenient method of estimating 
the effects of qualitative variables in regression analysis. Dummy variables are 
created by treating each category of a qualitative variable (eg. soil type) as a 
separate variable and assigning a "score" for each case depending on its 
presence or absence (usually one for presence and zero for absence).
For example, suppose one wishes to investigate the influence several 
quantitative factors XT - Xn and a qualitative factor K, which has three 
categories k1, k2 and k3, on a dependant variable Y. The data matrix would 
appear as below with three columns for the factor K, one for each of the 
categories k1-k3. These columns are termed a "set of dummy variables". For 
each observation (row) the values in each of the three columns for the dummy 
variables are set at one (if the observation belongs to that class) or zero (if it 
does not belong to that class).
X-| X2 ... X n
C1 C2 C3
Yi Xn X21 Xn1 100
Yz X 12 X22 Xn2 100
Y 3 x ! 3 X23 Xn3 010
Y4 X 14 X24 Xn4 001
Y5 X 15 X25 Xn5 100
Observations 1, 2 and 5 belong to class k1, observation 3 belongs to class 
k2 and observation 4 belongs to class k3. The dummy variables (ie. columns 
C1 - C3) now in effect contain metric (quantitative) values and can be included 
in a regression analysis on the same basis as any other quantitative variable. 
The only main difference is that because the values of the k'th dummy variable 
are completely determined by the preceding k-1 dummy variables, one of the 
categories has to be excluded to allow solution of the normal equations. The 
excluded variable becomes a sort of reference point ("reference category") and 
in the derived regression equation the effects of the other variables are 
expressed relative to this category.
For the example above, with k3 treated as the reference category, the 
equation would appear as above:
Y = a + b^! -«• b2X2 + b nXn + c^K!) + c2{K2>
The terms Cj and c 2 are coefficients which express the effect of the 
observations belonging in categories k1 and k2 relative to category k3. Their 
values are arrived at by the least squares method in exactly the same way as 
the coefficients for the quantitative variables (b} - b n). The values of Kl and K2 
are either 1 or zero depending on the which category the equation is to apply 
to. To make a prediction for category k1, Kl is set to 1 (one) and K2 to 0 
(zero). This means that the term c^K!) becomes the numerical value for CT 
and c2{K2} disappears. To make a prediction for category k2, K2 is set to 1 
(one) and Kl to zero so as the term c^Kl) disappears. To make a prediction 
for k3, both Kl and K2 are set to zero and both the K-terms disappear. Testing 
the significance of a categorical variable is done by adding the contribution to 
the sums of squares attributable to each category, dividing by the degrees of 
freedom (number of categories minus one) and comparing this with the root 
mean of the model. Any number of categorical variables can be included in a 
regression analysis using dummy variables, but it should be remembered that 
each category is associated with a degree of freedom.
Appendix 10. Windzone map
B
